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The f i r s t  p u r p o s e  o f  t h i s  t h e s i s  i s  t o  d e t e r m in e  th e  
d e t a i l e d  b e h a v io u r  o f  s e le n iu m  r e c t i f i e r s  o f  o u r  own manu­
f a c t u r e  i n  t e r m s  o f  e q u i v a l e n t  p a r a l l e l  c a p a c i t a n c e  and  
c o n d u c ta n c e  a s  f u n c t i o n s  o f  f r e q u e n c y ,  The seco n d  p u rp o s e  
i s  t h e  c o r r e l a t i o n  o f  t h i s  b e h a v io r  w i th  t h e  t h e o r y  o f  
J a f f e 1 b a s e d  on i o n i c  c o n d u c t i o n , and  t h e  d e r i v a t i o n  o f  
i o n i c  c o n s t a n t s  w i t h  t h e  u s e  o f  th e  t h e o r y .
T h t  f i r s t  p a r t  o f  t h i s  work in v o lv e d  t h e  d e v e lo p m e n t 
o f  a  b r i d g e  w i th  i t s  a u x i l i a r y  e q u ip m e n t .  T h e re  w ere  two 
r e q u i r e m e n t s  w h ich  h a d  to  b e  met i n  t h i s  c o n n e c t io n .  One 
was th e  a t t a i n m e n t  o f  h ig h  a c c u ra c y  o v e r  a  w ide f r e q u e n c y  
r a n g e  em ploy ing  v e r y  low v o l t a g e s  a c r o s s  t h e  d i s c ,  and t h e  
o t h e r  was t h e  a r ra n g e m e n t  f o r  m easu rem en ts  w i th  v a r i a b l e  
do b i a s  and a t  v a r i o u s  t e m p e r a t u r e s .
The second  p a r t  i s  c o n c e rn e d  w i th  t h e  c o r r e l a t i o n  w i th  
t h e o r y .  For t h i s  c o r r e l a t i o n  a t  l e a s t  t h r e e  g ro u p s  o f  i o n s  
w i th  d i f f e r i n g  m o b i l i t i e s  m ust b e  assum ed . The r e s u l t s  o f  
t h e  d e t e r m i n a t i o n  o f  t h e  c o n s t a n t s  f o r  each  g ro u p  compare 
w i t h i n  an o r d e r  o f  m a g n itu d e  to  th e  r e s u l t s  o f  o t h e r  i n v e s t i ­
g a t i o n s  on s i m i l a r  m a t e r i a l s .
The l a s t  s e c t i o n  o u t l i n e s  a  m ethod f o r  a q u ic k  a p p r o x i ­
m ate  a n a l y s i s  o f  d i s c  c h a r e o t e r l s t i c e  from t h e i r  c a p a c i t a n c e
v i l
a n d  c o n d u c ta n c e  c u r v e s .  The m ethod l e  t h e n  u s e d  t o  s tu d y  
t h e  b e h a v io r  o f  s e v e r a l  d i s c s  an d  t h e i r  v a r i a t i o n  w i th  
t e m p e r a t u r e ,  b i a s ,  and  fo rm in g .
v l i l
I* INTRODUCTION 
The fu n d a m e n ta l  n a t u r e  o f  s e le n iu m  r e c t i f i e r s  h a s  b ee n  
t h e  o b j e c t  o f  many t h e o r e t i c a l  and  e x p e r im e n ta l  i n v e s t i g a ­
t i o n s . A o o o r d i n g  t o  S o h o t t k y 's  and  Deutflohmann1® 
t h e o r e t i c a l  w o rk ,^  th e  im pedance  o f  a  s e le n iu m  r e c t i f i e r  
can  b e  r e p r e s e n t e d  by an  e q u i v a l e n t  c i r c u i t  a s  shown i n  
F i g .  1 .  H ere  R and  0 s t a n d  f o r  th e  r e s i s t a n c e  an d  c a p a c i ­
t a n c e  o f  t h e  b a r r i e r  l a y e r  and  %  r e p r e s e n t s  t h e  b u lk  
r e s i s t a n c e  o f  t h e  r e m a in d e r  o f  t h e  s e le n iu m .
The c o r r e s p o n d in g  im pedance  d iag ram  shown In  F ig .  2 
f o r  t h i s  e q u i v a l e n t  c i r c u i t  c o n s i s t s  o f  a  s e m i - c i r c l e  i n  
t h e  o a p a c i t a n o e - r e s l s t a n o e  q u a d r a n t ,  w i th  i t s  c e n t e r  on t h e  
r e s i s t a n c e  a x i s .  The h ig h  f r e q u e n c y  i n t e r c e p t  o f  t h i s  sem i­
c i r c l e  n e a r  t h e  o r i g i n  g i v e s  th e  v a l u e  o f  th e  b u lk  r e s i s t a n c e ,  
w h i l e  t h e  d i a m e t e r  o f  th e  s e m i - c i r c l e  g i v e s  th e  v a lu e  o f  R.
The c a p a o i t a n e e  may a l s o  b e  c a l c u l a t e d  from t h i s  d ia g ra m .
T h is  e q u i v a l e n t  c i r c u i t  was u s e d  by many e a r l y  e x p e r i ­
m e n te r s  to  a i d  them i n  t h e i r  m e asu rem e n ts .  One exam ple was 
A. S ch m id t ,  who made b r i d g e  m easu rem en ts  from 50 to  1 0 ,0 0 0  
c p s  a t  an ao  p o t e n t i a l  o f  10 mv# The e x p e r im e n ta l  p o in t®  
a p p a r e n t l y  form ed an  a p p ro x im a te  s e m i - c i r c l e .  The e q u i v a l e n t  
c i r c u i t  was th e n  e v a lu a t e d  from th e  b e s t  f i t t i n g  s e m i - c i r c l e .
I n  1933 , L . A. Wood4 had  made m easu rem en ts  on a  Weston 
P h o t r o n i c  G e l l ,  b e l i e v e d  to  be  o f  th e  s e le n iu m  t y p e ,  o v e r  a
1
c
F i g . l .  A p p r o x i m a t e  equ iva len t  c i r c u i t  o f  a  s e l e n i u m  r e c t i f i e r .
uu - 0ao
u j  C
I n c re as i n g  f r eq uency
F i g . 2 .  I m p e d a n c e  d i a g r a m  of  e q u i v a l en t  c i rcu i t  i n F i g .  I.
f r e q u e n c y  r a n g e  o f  300 to  4 ,0 0 0  o p s .  H is  r e s u l t ®  in d ic a te d ,  
t h a t  t h e  d i s c  Im pedance c o u ld  h e  r e p r e s e n t e d  by an  e q u iv a -  
l e n t  c i r c u i t  shown i n  F ig .  3 w here Bg and C3 v a r y  a c c o r d ­
i n g  to  t h e  e q u a t i o n  m * w here m i® a  c o n s t a n t .  Hi®
im pedance  d ia g ra m  a l s o  r e s u l t e d  I n  a  a e m i - c i r o l e  i n  t h e  
c a p a c i t a n c e - r e a l  s t a n c e  q u a & rsn t ,  b u t  i n  t h i s  c a s e  t h e  
c e n t e r  was ab o v e  t h e  a x i s — c o r r e s p o n d in g  to  an o r d i n a t e  o f  
J  siB, a s  shown i n  F i g .  4 .
A g r e a t  d e a l  more work h a s  b ee n  done on d i s c  measure**
m e n ts ,  b u t  t h e  i n v e s t i g a t o r ®  u s u a l l y  assum ed t h e  v a l i d i t y
o f  one o f  t h e s e  e q u i v a l e n t  c i r c u i t s  and mad® m easu rem en ta
a t  o n ly  one o r  two f r e q u e n c i e s ,  u s u a l l y  n e a t1 1,000 c y c le s .®
O th e r  m ethods th a n  b r i d g e  m easu rem en ts  h a v e  a l s o  b ee n  u se d
f o r  t h e  e v a l u a t i o n  o f  t h e  e q u i v a l e n t  c i r c u i t .  For exam ple ,
£*
L eh o v ec  h a s  mad® o s c i l l o g r a p h i c  s t u d i e s  to  d e te r m in e  t h e  
e l e c t r i c a l  c h a r a c t e r i s t i c s *
Some work h a s  a l s o  b ee n  done i n  a  v e r y  h ig h  f r e q u e n c y  
r e g i o n  e s p e c i a l l y  f o r  t h e  m easu rem en ts  o f  Bp, t h e  e q u i v a l e n t  
p a r a l l e l  r e s i s t a n c e  o f  t h e  d i s c .  F o r I n s t a n c e ,  i n  1948 
Chasm ar i n v e s t i g a t e d  t h e  r e s i s t a n c e  o f  s e m i- c o n d u c to r s  In  
t h e  r a n g e  o f  a b o u t  10 t o  60 mops.
T h ese  m e thods  w ere  s u i t a b l e  f o r  t h e  a p p ro x im a te  ©valua­
t i o n  o f  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c ® .  However, t h e  p r e s e n t  
I n v e s t i g a t i o n  was d i r e c t e d  to w a rd  a  more d e t a i l e d  and  a c c u r a t e  
s tu d y  o f  s e le n iu m  r e c t i f i e r  c h a r a c t e r i s t i c s .  Th© a c  c h a r a c t e r ­
i s t i c s  o f  t h e  i n c r e m e n ta l  e q u i v a l e n t  Im pedance w ere  m easu red  
b y  a  b r i d g e  m e thod . Thee® im p ed an ces  w ere i n v e s t i g a t e d  o v e r
4
F i g . 3 .  E q u i v a l e n t  c i r c u i t  of s e m i - c o n d u c t o r  a c c o r d i n g  t o W o o d .
1/2 m R
I n c r ea s i n g  f r e q u e n c y
R g .  4.  I m p e d a n c e  d i a g r a m  of  e q u i v a l e n t  c i r c u i t  in Fi g .  3  
where R ^ a n d  a r e  f u n c t i o n s  of  f r e q u e n c y .
5
a  f r e q u e n c y  rang® o f  10 t o  200,000 ops a© fu n c t io n ®  o f  tem­
p e r a t u r e ,  b i a s  an d  fo rm in g .
B e c a u se  o f  t h e  n o n - l i n e a r  c h a r a c t e r  o f  s e m i - c o n d u c t o r s ,  
t h e  i n c r e m e n t a l  do  r e s i s t a n c e  o f  t h e  © em i-conduct o r  would b e  
e q u a l  t o  t h e  s l o p e  a t  a  p o i n t  on t h e  & -I cu rv e  a t  w hich  
m e a su re m e n ts  a r e  b e i n g  made. However, b e c a u s e  o f  th e  t im e  
l a g  a s s o c i a t e d  w i t h  t h e  e l e c t r i c a l  r e s p o n s e ,  a  s m a l l  Im p re s se d  
a e  v o l t a g e  w ou ld  y i e l d  a  s m a l l  e l l i p s e  a t  t h i s  p o i n t  on an 
£ - 1  s u r f a c e .  B e c a u se  o f  th e  n o n - l i n e a r  c h a r a c t e r  o f  t h e  E~X 
c u r v e ,  t h e  im p re s s e d  ao  v o l t a g e  must b e  s m a l l  enough to  y i e l d  
r e s u l t s  in d e p e n d e n t  o f  a m p l i t u d e .  F o r  t h i s  r e a s o n ,  th e  rms 
a o  v o l t a g e  was k e p t  be low  10 mv a c r o s s  t h e  d is c *
Fro® m e asu rem en ts  o f  t h e  in c r e m e n ta l  Im pedance i t  i s  
h o p ed  t o  d e t e r m in e  th e  m o b i l i t i e s  and c o n c e n t r a t io n ©  o f  t h e  
l o n e  c o n t r i b u t i n g  to  t h e  c u r r e n t  i n  t h e  s e m i-c o n d u c to r© . The 
c a l c u l a t i o n  o f  t h e s e  c o n s ta n t©  w i l l  b e  a t t e m p te d  a c c o r d in g  
t o  t h e  b o u n d a r y - l a y e r  t h e o r y  o f  J a f f e * , w hich  1© b a s e d  on 
i o n i c  c o n d u c t io n .  I t  i s  I n t e n d e d  t o  u s e  g r a p h i c a l  method© 
f o r  t h e  s e p a r a t i o n  o f  t h e  d i f f e r e n t  sp e c ie ®  o f  ion® and  f o r  
t h e  e v a l u a t i o n  o f  t h e i r  i o n i c  c o n s t a n t s .
XI DESCRIPTION OF APPARATUS 
l a  t h e  e a r l y  r e s e a r c h  ©n d r y  d ie©  r e c t i f i e r ©  a t  
b o u i s i a n a  S t a t e  U n i v e r s i t y  I n c r e m e n ta l  Im pedance m e asu re ­
m e n ts  w ere  a t t e m p t e d  w i th  com m erc ia l b r i d g e s .  A lth o u g h  
t h e s e  b r i d g e s  w ere  c o n v e n ie n t  to  o p e r a t e ,  t h e y  h a d  s e r i o u s  
l i m i t a t i o n s ,  with a  o n e - t o - o n e  r a t i o  arm , t h e s e  b r i d g e s  
d i d  n o t  h a v e  t h e  n e c e s s a r y  r a n g e  o f  r e s i s t a n c e  an d  c a p a c i ­
t a n c e  r e q u i r e d  f o r  th e  m easurem ent o f  d r y  d i s c  r e c t i f i e r s .
I n  a d d i t i o n ,  t h e  a c c u r a c y  o f  t h e  b r i d g e s  was l i m i t e d  t o  
f r e q u e n c y  r a n g e s  w h ich  w ere  n o t  a d e q u a te  f o r  t h e s e  i n v e s t i ­
g a t i o n s .  More d i s a d v a n ta g e o u s  th a n  th e  l i m i t e d  f r e q u e n c y  
r a n g e  o f  t h e  b r i d g e s  w ere  t h e  power f a c t o r  l i m i t s  w hich  
w ere  u s u a l l y  b e lo w  0 .6  w h i l e  many d i s c s  h ad  pow er f a c t o r s  
a b o v e  0 . 8  w i t h i n  t h e  f r e q u e n c y  r a n g e  o f  t h e  b r i d g e .
The o n ly  s o l u t i o n  w hich  p r e s e n t e d  I t s e l f  was to  d e s ig n  
and  b u i l d  a  b r i d g e  c a p a b le  o f  m easu rem en ts  o v e r  t h e  n e c e s s a r y  
r a n g e  o f  im pedance  and f r e q u e n c y .  A o n e - to - o n e  r a t i o  arm 
b r i d g e  o f  t h e  Wagner g ro u n d  ty p e  was d e v e lo p e d  and  g av e  
a c c u r a t e  m e a su re m e n ts  on com m erc ia l d i s c s  o v e r  a  f r e q u e n c y  
r a n g e  o f  100 ops to  16 k c p s .
The r e s u l t s  o f  t h e s e  m easu rem en ts  o v e r  a r a n g e  o f  f r e ­
q u e n c i e s  y i e l d e d  Im pedance l o c i  ( r e a c t a n c e  p l o t t e d  a g a i n s t  
r e s i s t a n c e )  w h ich  w ere n e a r l y  co m p le te  s e m l - o l r c l e s  w i th  
c e n t e r s  above  t h e  r e s i s t a n c e  a x i s .  The c o o r d i n a t e s  o f  t h e
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o e n t e r  c o r r e s p o n d e d  to  a n  Im pedance c o n s i s t i n g  o f  a  p o s i t i v e  
r e a c t a n c e  a t  a  p h a s e  a n g l e  o f  a p p r o x im a te ly  a r c t a n  0 * 0 9 .
T h i s  i s  i n  c o n t r a s t  t o  some o f  e a r l i e r  w r i t  r e p o r t e d  i n  th e  
l i t e r a t u r e . 1*
W hile t h i s  b r i d g e  was b e i n g  u s e d  f o r  m easurem ent®  on, 
co m m e rc ia l  d i s c s ,  p r e p a r a t io n ®  w ere  b e i n g  made f o r  t h e  l o c a l  
p r o d u c t i o n  o f  s e le n iu m  r e c t i f i e r s  w i th  n i c k e l  b a s e  p l a t e  and 
cadmium c o u n t e r  e l e c t r o d e . T h i s  was done so  t h a t  i t  w ould 
b e  p o s s i b l e  t o  know th e  h i s t o r y  o f  t h e  d i s c s  b e i n g  u s e d ,  and 
t o  c o n t r o l  t h e  c o n d i t i o n s  ©f th e  d i s c  m a n u fa c tu re  an d  p r o c e s s ­
i n g .
When su ch  d i s c s  becam e a v a i l a b l e ,  s i m i l a r  b r i d g e  m easu re ­
m e n ts  w ere  made upon  them . However, t h e s e  m easurem en te  
y i e l d e d  im p ed an ce  l o c i  w hich  w ere  o n ly  s m a l l  a r c s  o f  l a r g e  
r a d i i  c u r v e s .  To o b t a i n  a  more c o m p le te  d e t e r m i n a t i o n  o f  
t h e  c u r v e ,  m e a su re m e n ts  w ere  r e q u i r e d  a t  lo w e r  f r e q u e n c i e s  
th a n  th e  r a n g e  o f  t h e  b r i d g e  p e r m i t t e d .  The lo w e r  f r e q u e n c y  
l i m i t  o f  t h e  b r i d g e  was t h e r e f o r e  e x te n d e d  t o  10 o p s ,  b u t  
t h e  r e s u l t i n g  im pedance  l o c i  s t i l l  d id  n o t  c o v e r  much more 
th a n  9 0 °  o f  t h e  arc*. Even th o u g h  th e y  w ere n o t  c o m p le te  
s e m i - c i r c l e s ,  t h e  c e n t e r s  c o u ld  b e  l o c a t e d ,  and w ere  found  
to  c o r r e s p o n d  to  an  Im pedance  h a v in g  th e  same p h a s e  a n g l e  
a s  f o r  co m m erc ia l  d i s c s .
♦Up to  t h i s  p o i n t  t h e  r e s e a r c h  was gone p r i m a r i l y  by  B. Hodge 
u n d e r  th e  d i r e c t i o n  o f  M. G o o d r ic h .8
♦♦The p r o d u c t io n  method and a  more d e t a i l e d  d e s c r i p t i o n  o f  
t h e s e  d i s c s  a r e  g iv e n  in  t h e  f i n a l  r e p o r t ?
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I n  s p i t #  o f  t h e i r  I n c o m p le te n e s s ,  t h e s e  c u r v e s  demon­
s t r a t e d  th e  low f r e q u e n c y  c h a r a c t e r i s t i c s ,  h u t  on th e  o t h e r  
h a n d ,  t h e  h i g h  f r e q u e n c y  m easu rem en ts  w ere  o b s c u re d  I n  t h e s e  
l o c i ,  h e i n g  co m p ressed  I n  t h e  p o r t i o n  o f  th e  l o c u s  n e a r  t h e  
o r i g i n .
I f  t h e s e  h i g h  f r e q u e n c y  p o i n t s  l i e  on an im pedance  
c i r c l e ,  t h e  a d m i t t a n c e  l o c i  ( c o n d u c ta n c e  p l o t t e d  a g a i n s t  
s u e c e p ta n o e )  s h o u ld  a l s o  g iv e  a  c i r c l e *  At an y  r a t e ,  th e  
a d m i t t a n c e  l o c i  w ould  b e t t e r  d e m o n s t r a te  t h e  h i g h  f r e q u e n c y  
m e a s u re m e n ts .  Such a d m i t t a n c e  l o c i  w ere  p l o t t e d  and  a s  
e x p e c t e d ,  t h e i r  sh a p e  was d e te rm in e d  p r i m a r i l y  b y  t h e  m easu re ­
m e n ts  ta k e n  a t  h i g h e r  f r e q u e n c i e s .  The c u rv e s  h o w ev e r,  gave  
o n ly  a  s m a l l  p o r t i o n  o f  a r o  s i m i l a r  t o  th e  f i r s t  im pedance  
c u r v e s .
The b r i d g e  s e tu p  was th e n  m o d i f ie d  t o  a l lo w  m easu re ­
m e n ts  up t o  200 k e p s  f o r  more co m p le te  co verage*  The r e s u l t s  
o f  t h e  e x te n d e d  m easu rem en ts  y i e l d e d  more o f  t h e  a d m i t ta n c e  
c u r v e s ,  b u t  th e y  w ere  fo u n d  t o  b e  much more com plex th a n  
c i r c l e s .  Some o f  th e  c u r v e s  w ere  s u g g e s t i v e  o f  two c i r c l e s  
o f  d i f f e r e n c e  r a d i i  J o in e d  by  a  t r a n s i t i o n  c u r v e .
As m e n tio n e d  p r e v i o u s l y ,  e a r l i e r  i n v e s t i g a t o r s  h a d  u se d  
im pedance  and  a d m i t t a n c e  l o c i  to  a i d  them i n  d e t e r m in in g  th e  
c o n s t a n t s  o f  an  e q u i v a l e n t  c i r c u i t  a s  shown In  F ig ,  1 ,  w h ich  
a t  t h e  t im e  was th o u g h t  t o  b e  r e p r e s e n t a t i v e  o f  d i s c  
im p e d a n c e s .
I n  t h i s  f i g u r e ,  i s  c o n s id e r e d  th e  b u lk  r e s i s t a n c e  
o f  t h e  s e le n iu m  w h i le  H and  0 a r e  t h e  e q u i v a l e n t  p a r a l l e l
r e s i s t a n c e  an d  c a p a c i t a n c e  o f  t h e  b o u n d a ry  l a y e r  a lo n e *
On t h i s  b a s i s , t h e  l o c i  f o r  o u r  d i s c s  showed t h a t  t h e  
b u l k  r e s i s t a n c e  was n e g l i g i b l e  i n  c o m p a r iso n  to  t h e  p a r a l ~  
l e i  e q u i v a l e n t  r e s i s t a n c e  o f  t h e  d is c *
A c c o rd in g  t o  J a f f a 4s t h e o r y ,  so m e th in g  q u i t e  d i f f e r e n t  
th a n  c i r c l e s  i s  p r e d i c t e d #  In  f a c t ,  no s im p le  e q u i v a l e n t  
c i r c u i t  e x i s t s  b y  t h i s  t h e o r y ,  w hich  w ould  r e n d e r  t h e s e  
l o c i  u s e l e s s  f o r  t h e i r  fo rm e r  pu rpose*  The l o c i  r e p r e s e n t  
t a t i o n  h ad  o t h e r  d i s a d v a n t a g e s ,  t h e  f r e q u e n c y  d e p e n d e n c e  
o f  t h e  e q u i v a l e n t  Im pedance was o b s c u r e d .  A ls o ,  l a b o r i o u s  
c a l c u l a t i o n s  w ere  i n v o lv e d .  T h is  l e d  to  th e  p l o t t i n g  o f  
r e a c t a n c e ,  c a p a c i t a n c e ,  and  c o n d u c ta n c e  a g a i n s t  f r e q u e n c y  
an d  t o  th e  d i s c a r d  o f  t h e  l o c i  a p p ro a c h .
I n  p l o t t i n g  t h e s e  t y p e s  o f  f r e q u e n c y  c u r v e s ,  i t  was 
fo u n d  n e o e s s a r y  to  u s e  f o u r  d i f f e r e n t  r a n g e s  a lo n g  t h e  a x e s  
s o a l e s  I n  o r d e r  t o  c o m p le te ly  c o v e r  t h e  w hole  f r e q u e n c y  
r a n g e  w i th  t h e  same d e t a i l ,  T h ese  c u r v e s  i n  g e n e r a l  g iv e  
s i m i l a r  p a t t e r n s  f o r  d i f f e r e n t  d i s c s .  The c u r v e s  f o r  Op, 
t h e  e q u i v a l e n t  p a r a l l e l  c a p a c i t a n c e ,  w ere  o f  th e  n a t u r e  o f  
d e c a y  c u r v e s ,  w h i l e  t h e  1/B p  c u r v e s  a p p a r e n t l y  o s c i l l a t e d  
a b o u t  a  s t r a i g h t  l i n e  from  th e  o r i g i n .  The«*>Op c u r v e s  d id  
n o t  g iv e  much i n f o r m a t i o n  b e c a u s e  th e  v a r i a t i o n  I n  masked 
t h e  ch a n g es  i n  Op w hich  w ere  o f  I n t e r e s t .
S u c c e s s f u l  a t t e m p t s  w ere made b y  J a f f e 1 t o  m atch  some 
o f  t h e s e  e x p e r i m e n ta l  p a r a l l e l  e q u i v a l e n t  c u rv e s  w i th  th o s e  
p r e d i c t e d  b y  t h e o r y  assu m in g  m u l t i p l e  i o n i c  c a r r i e r s .  T h is  
s t i m u l a t e d  I n t e r e s t  i n  r e s o l v i n g  th e  s e p a r a t e  e f f e c t s  o f  t h e
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c a r r i e r s *  F o r  i n o r e a s e d  r e s o l u t i o n ,  i t  was n e c e s s a r y  to  
h a v e  h ig h  a c c u r a c y  and  d e t a i l  o f  m easurem ents*  t h i s  m eant 
many r e a d i n g s  w ere  n e c e s s a r y  and  f a c i l i t y  o f  b a l a n c e  w ould 
b e  d e s i r a b l e *  I t  was a l s o  hoped  t h a t  some o f  t h e  i o n i c  
g r o u p s  m ig h t h a v e  t e n d e n c i e s  to  become more im m obile  th a n  
o t h e r s  a t  d i f f e r e n t  t e m p e r a t u r e s  o r  w i th  i n v e r s e  b ia s #
The b r i d g e ,  i n  i t s  form  a t  th e  t i m e ,  was n o t  a d e q u a te  
t o  m eet t h e s e  r e q u i r e m e n t s ,  a n d  i t  was c o m p le te ly  r e b u i l t  
w i t h  ch an g es  i n  t h e  b a s i c  e l e c t r i c a l  d e s ig n #
G u id an ce  i n  t h e  f i n a l  d e s ig n  was g a in e d  d u r in g  m easu re*  
m e a ts  made w i th  t h e  b r i d g e  i n  i t®  e a r l y  s ta g e s *  From t h e s e  
m easu rem en ts*  i t  was known t h a t  t h e  f re q u en c y  r a n g e  s h o u ld  
a t  l e a s t  c o v e r  10 ops to  £00 k c p s ,  and a l s o  c e r t a i n  p r e ­
c a u t i o n s  showed th e m s e lv e s  n e c e s s a r y  a t  d i f f e r e n t  s e c t i o n s  
o f  t h i s  r a n g e .
P r e l i m i n a r y  i n v e s t i g a t i o n s  a l s o  e s t a b l i s h e d  an  u p p e r  
l i m i t  t o  t h e  v o l t a g e  a  G ross  th e  b r id g e *  B ecau se  o f  t h e  non* 
l i n e a r i t y  o f  t h e  d i s c ,  i t  was found  t h a t  i f  t h e  a p p l i e d  
v o l t a g e  was to o  l a r g e  a t  a  p a r t i c u l a r  f r e q u e n c y ,  th® b r i d g e  
m e asu rem en ts  w ere  a  f u n c t i o n  o f  t h e  v o l t a g e  a m p li tu d e *  As 
t h e  a m p l i tu d e  i s  r e d u c e d  t h e  b r i d g e  s e t t i n g s  a p p ro a c h  a  
c o n s t a n t  v a lu e *  However, i f  t h e  a m p l i tu d e  w ere to o  e m a i l ,  
s c a t t e r e d  r e s u l t s  w ere o b ta in e d  du® to  t h e  d e c r e a s e d  ao* 
cu racy*  I t  was a p p a r e n t  t h a t  th© b e s t  com promise l a y  i n  
t h e  r e g io n  b e tw e e n  5 and 20 mv. A p l a t e a u  e x i s t s  i n  t h i s  
r e g i o n  f o r  ©11 f r e q u e n c i e s .  Ten m i l l i v o l t ®  rms was a d o p te d  
a s  a  s a f e  v o l t a g e  a c r o s s  th e  d i s c  f o r  b r i d g e  m e asu rem e n ts .
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T h i s  i n  t u r n  r e q u i r e d  a d e t e c t o r  s e n s i t i v e  to  a t  l e a s t  a  
m i c r o v o l t  i n  o r d e r  to  o b t a i n  t h e  d e s i r e d  a c c u r a c y  o f  
b r i d g e  b a l a n c e .
v«fl t h  t h e s e  n e c e s s a r y  r a n g e s  and p r e c a u t i o n s  i n  mind# 
t h e  f i n a l  d e s ig n  o f  th e  b r i d g e  was a p p ro a c h e d  from  t h r e e  
v i e w p o i n t s  —  th e  h ig h  f r e q u e n c y  l i m i t #  th© low f r e q u e n c y  
l i m i t ,  and  th© g e n e r a l  a c c u ra c y *
To e x te n d  t h e  h ig h  f r e q u e n c y  l i m i t  t o  200  h e p s ,  i t  was 
fo u n d  n e c e s s a r y  t o  h av e  c o m p le te  and s y m m e tr ic a l  e l e c t r o ­
s t a t i c  s h i e l d i n g .  T h is  p r e v e n t e d  f a l s e  p o t e n t i a l s  and 
c o n s e q u e n t ly  f a l s e  b a l a n c e s  from a p p e a r in g  a t  th© d e t e c t o r *  
S p e c i a l  a t t e n t i o n  a l s o  h a d  to  b e  p a id  to  t h e  d i e l e c t r i c  
l o s s e s  o f  t h e  I n s u l a t o r s *  F or t h i s  p u r p o s e ,  i t  was found  
t h a t  o f  th e  a v a i l a b l e  i n s u l a t o r s ,  o n ly  p o l y s t y r e n e  and  
p o l y e t h e l e n e  w ere  a d e q u a te *
The e x t e n s i o n  to  f r e q u e n c i e s  a s  low a s  10 cps  In v o lv e d  
d i f f e r e n t  p ro b lem s*  One o f  th e  m ost s e r i o u s  o f  t h e s e  was 
t h a t  t h e  n e a r - b a l a n c e  v o l t a g e  a t  t h e  d e t e c t o r  was be low  th e  
g e n e r a l  n o i s e  l e v e l  f o r  f r e q u e n c i e s  l e s s  th a n  100 c p a .  I n  
o r d e r  to  r e d u c e  t h i s  n o i s e  t o  s i g n a l  r a t i o  i n  th© b r i d g e  
i t s e l f ,  i t  was n e c e s s a r y  t h a t  a l l  c o n n e c t io n s  b e  w e l l  s o l d e r ­
ed and t h a t  a l l  p l u g - i n s  and s w i tc h  c o n t a c t s  b e  s c r u p u l o u s l y  
c l e a n e d .  A n o th e r  p rob lem  be low  100 cps was m a g n e t ic  c o u p l in g  
b e tw e e n  th e  g e n e r a t o r  and  th e  o u tp u t  t r a n s f o r m e r  o f  t h e  b r i d g e .  
T h i s  c o u p l in g  r e q u i r e d  t h a t  t h e  low f re q u e n c y  o s c i l l a t o r  b e  
p l a c e d  a t  a  d i s t a n c e  o f  some 10 f e e t  from t h e  b r i d g e  and t h a t  
i t  b e  p r o p e r l y  o r i e n t e d .
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F or t h e  maximum a c c u r a c y  o v e r  t h e  w ho le  f r e q u e n c y  ra nge  
e m p h a s is  was p la c e d  upon symmetry and t h e  r e d u c t i o n  o f  I n ­
d u c t i v e  c o u p l in g s  in  t h e  b r i d g e  w i r i n g  and l a y o u t .  T h is  
r e s u l t e d  i n  r e d u c i n g  th e  b r i d g e  t o  e s s e n t i a l l y  f o u r  te rm in a l©  
i n  c l o s e  p r o x i m i t y  to  w hich  t h e  elem ent®  o f  th e  b r i d g e  w ere  
c o n n e c te d  b y  R&22U tw ia a x  s h i e l d e d  l e a d .  C o r re s p o n d in g  
e l e m e n t s  w e re  p l a c e d  a s  s y m m e t r ic a l ly  a s  p o s s i b l e  a b o u t  
t h e s e  t e r m i n a l s ,  t h e  c o n n e c t in g  l e a d s  t o  t h e  c o r r e s p o n d in g  
e le m e n ts  b e i n g  o f  i d e n t i c a l  l e n g t h .  T h i s  a r ra n g e m e n t  y i e l d ­
ed n e g l i g i b l e  i n d u c t i v e  c o u p l in g  b e c a u s e  o f  th e  v e r y  s m a l l  
c u r r e n t  lo o p  a r e a s  and b e c a u s e  t h e  symmetry te n d e d  to  c a n c e l  
t h e  e f f e c t  o f  t h o s e  s m a l l  a r e a s  w hich  w ere  s t i l l  p r e s e n t*
T h i s  sym m etry a l s o  h e lp e d  to  b a l a n c e  © tray  c a p a c i t a n c e  and 
c o n d u c ta n c e  i n  t h e  b r i d g e  due  to  i t s  o n e - to - o n e  r a t i o  a rm .*1*0
A f t e r  t h e  g e o m e try  o f  th e  b r i d g e  was s e t t l e d *  s p e c i a l  
c a r e  was t a k e n  to  i n c r e a s e  th e  g e n e r a l  a c c u r a c y  by  c o n s id e r ­
in g  th e  d i f f e r e n t  e le m e n ts  o f  th e  b r id g e *  The m ost Im p o r ta n t  
t a s k  was t o  a d j u s t  t h e  r a t i o  arm s to  e q u a l i t y  a t  t h e  J u n c t io n  
o f  t h e  g e n e r a t o r  le a d ® , and  to  s h i e l d  them so t h a t  t h e i r  
s t r a y  c a p a c i t a n c e  w ould c a u se  no s e r i o u s  e r r o r  i n  t h e  b r i d g e  
b a la n c e *  T h e se  arms w ere  c o n s t r u c t e d  o f  d o u b l e - s h i e l d e d  
1000 ohm r e s i s t o r s *  The o u t e r  s h i e l d  was g ro u n d ed  and th e  
i n n e r  © M eld  was c o n n e c te d  t o  th e  u n g ro u n d ed  s id e  o f  t h e  
d ©t e c t  o r  «
The a d v a n ta g e  o f  d o u b le  s h i e l d i n g  o v e r  s i n g l e  
s h i e l d i n g  can  b e  shown w ith  th e  a i d  o f  F ig .  5 .  F ig u r e  5 A 
a n d  & B show r e s p e c t i v e l y  t h e  e q u i v a l e n t  c i r c u i t s  o f  s i n g l e  














F.ig. 5 . C o m p a r i s o n  of s i n g l e  a n d  d o u b l e  sh ie l di ng .
F i g u r e  s  o an d  5 I) ©how t h e i r  r e s p e c t i v e  e f f e c t s  i n  b r i d g e  
c i r c u i t s *  i n  t h e  c a s e  o f  s i n g l e  s h i e l d e d  r e s i s t o r s  a® 
r a t i o  a rm s ,  t h e  c a p a c i t a n c e s  a  and a1 w ould a p p e a r  b e tw een  
t h e  g e n e r a t o r  t e r m i n a l s  and  g ro u n d ,  c a u s in g  them t o  b e  i n  
p a r a l l e l  w i th  t h e  s t a n d a r d  and unknown a rm s .  However, i n  
t h e  d o u b le  s h i e l d e d  c a s e ,  t h e  s t r a y  c a p a c i t a n c e s  w i t h i n  
t h e  i n n e r  s h i e l d  become p a r t  o f  th e  r a t i o  arm© w h i le  th o s e  
b e tw e e n  t h e  s h i e l d s  a r e  p l a c e d  a c r o s s  t h e  d e t e c t o r .  F o r  a  
r i g i d  c o n s t r u c t i o n ,  t h e  d o u b le  s h i e l d e d  arms h a v e  t h e  
a d v a n ta g e  o f  b e i n g  in d e p e n d e n t  o f  t h e  p r e l i m i n a r y  b a l a n c e  
up  t o  t h e  g e n e r a t o r  t e r m i n a l s  w h i l e  i n  t h e  o t h e r  c a s e ,  u n -  
d e s i r a b l e  s t r a y  c a p a c i t a n c e  i n  t h e  arm s th e m s e lv e s  m ust 
becom e p a r t  o f  t h e  p r e l i m i n a r y  b a l a n c i n g  a r r a n g e m e n t ,  w hich  
w ou ld  r e n d e r  t h e i r  i n i t i a l  a d ju s tm e n t  to  e q u a l i t y  im p o s s i b l e .
A f t e r  b e i n g  p r o p e r l y  s h i e l d e d ,  t h e  arm© w ere  b a l a n c e d  
t o  e q u a l i t y  a t  t h e  main b r i d g e  t e r m i n a l s .  They w ere  b a l a n c e d  
o v e r  t h e  w hole  f r e q u e n c y  r a n g e  t o  l e s s  th a n  o n e - h a l f  p e r c e n t  
i n  r e s i s t a n c e  and t o  l e s s  th a n  o n e - f o u r t h  m lo r o - m lo r o fa r a d .  
T h i s  was a c c o m p l is h e d  by  p l a c i n g  n e a r l y  e q u a l  Im pedances  I n  
p l a c e  o f  t h e  s t a n d a r d  and unknown arm s a s  c l o s e  a s  p o s s i b l e  
t o  t h e  te rm in a l®  o f  th e  b r i d g e  and by a d j u s t i n g  b o th  th© 
e x t e r n a l  Im p e d a n ce s  and th© r a t i o  arm s u n t i l  th e  d e t e c t o r  
showed a  n u l l .  The i n t e r n a l  im pedances  w ere th e n  I n t e r ­
ch a n g ed  and th e  d e t e c t o r  was a g a in  b ro u g h t  t o  a n u l l .  T h is  
p r o c e s s  was r e p e a t e d  u n t i l  th® n u l l  on th® d e t e c t o r  was 
in d e p e n d e n t  o f  t h e  i n t e r c h a n g e  o f  th e  e x t e r n a l  im pedance® .
The e q u a l i t y  was checked  be tw een  d i f f e r e n t  i n t e r v a l e  o f
IS
f r e q u e n c y  w i t h  e t e r n a l  im p e d an c es  w h ich  w ere  ch o sen  so  t h a t  
t h e y  w ould  s i m u l a t e  t h e  a v e r a g e  c h a r a c t e r i s t i c  o f  t h e  d i s c  
a t  t h e s e  f r e q u e n c i e s .
W ith  t h e  r a t i o  arm s a d j u s t e d  t o  e q u a l i t y ,  t h e  n e x t  f a c t o r  
w h ic h  w ould d e t e r m in e  t h e  a c c u r a c y  o f  t h e  m easu rem en ts  was t h e  
s t a n d a r d  arm . T h i s  arm c o n s i s t e d  o f  G e n e ra l  K adlo  d e c a d e  r e ­
s i s t a n c e  b o x e s  ty p e  60S5K and  602N and a  m ica  c a p a c i t a n c e  d e c a d e  
b o x  ty p e  219K i n  p a r a l l e l ,  su p p le m e n ted  by  a G e n e ra l  B ad io  
v a r i a b l e  a i r  c a p a c i t o r  t y p e  VggD. B e c a u se  o f  d i e l e c t r i c  ab­
s o r p t i o n  i n  t h e  m ica  c a p a c i t o r  a t  low f r e q u e n c i e s  and th© 
e f f e c t s  o f  r e s i d u a l  i n d u c t i o n  and d i e l e c t r i c  l o s s e s  a t  h i g h e r  
f r e q u e n c i e s ,  t h e  s t a n d a r d  c a p a c i t o r  d e c a d e  in t ro d u c e ©  e r r o r s  
i n  t h e  m e asu red  r e s i s t a n c e  and  c a p a c i t a n c e  r a n g in g  from o n e -  
h a l f  to  t h r e e  p e r c e n t .  A n o th e r  e r r o r  o f  thi©  same m ag n itu d e  
i s  I n t r o d u c e d  b y  t h e  i n t e r n a l  i n d u c ta n c e  o f  th e  r e s i s t a n c e  
b o x e s  a t  h ig h  f r e q u e n c i e s .  To co m p en sa te  f o r  th© e r r o r s  o f  t h e  
c a p a c i t o r ,  c o r r e c t i o n  ch a rt©  f o r  c o n d u c ta n c e  and c a p a c i t a n c e  a t  
a l l  f r e q u e n c i e s  and  d i a l  s e t t i n g s  w ere  p r e p a r e d  from d a t a  s u p p l i ­
ed by  th e  m a n u f a c tu r e r .  A n o th e r  c o r r e c t i o n  c h a r t  was p r e p a r e d  
f o r  t h e  r e s i s t a n c e  box a t  h ig h  f r e q u e n c i e s .  The d a t a  f o r  th i©  
c h a r t  w ere  o b t a i n e d  by  a u x i l i a r y  b r i d g e  m e a su re m e n ts .  Th® box 
was p l a c e d  i n  p a r a l l e l  w i th  a  c a p a c i t a n c e  in  one arm o f  t h e  
b r i d g e  and c a l i b r a t e d  a g a i n s t  a  v a r i a b l e  b i f t l a r  s l id ©  w ir e  
r e s i s t o r  o f  c o n s t a n t  i n d u c ta n c e  u s e d  i n  th© s t a n d a r d  arm. The 
m e a su re d  r e s i s t a n c e  was th e n  c o r r e c t e d  f o r  th© © q u a l iv a le n t  
p a r a l l e l  r e s i s t a n c e  o f  t h e  c a p a c i t a n c e  box and th© m easured  
c a p a c i t a n c e  was c o r r e c t e d  f o r  t h e  In d u c ta n c e  o f  th e  r e e l s t a n c e  
b o x  a t  h ig h  f r e q u e n c i e s  and f o r  i t s  own change o f  c a p a c i t a n c e
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a t  a l l  f r e q u e n c i e s .
To f u r t h e r  i n c r e a s e  t h e  a c c u r a c y  w i t h  a  o n e - to - o n e  r a t i o  
arm b r id g e *  i t  l a  n e c e s s a r y  t o  have  b o t h  s i d e s  o f  t h e  d e t e c ­
t o r  a t  g ro u n d  p o t e n t i a l  when th e  b r i d g e  i s  b a l a n c e d .  T h is  
e l i m i n a t e s  t h e  e f f e c t s  o f  any  s t r a y  c a p a c i t a n c e  o r  c o n d u c t­
a n c e  a p p e a r in g  from th e  t e r m i n a l  b e tw e e n  th e  r a t i o  arm s t o  
g ro u n d  o r  from  t h e  t e r m i n a l  b e tw e e n  th e  s t a n d a r d  an d  unknown 
arm s t o  ground*  I t  i s  a l s o  n e c e s s a r y  to  b a l a n c e  th e  s t r a y s  
from  th e  o t h e r  two t e r m i n a l s  t o  ground* T hese  s t r a y s  a r e  
m o s t ly  p r e s e n t  b e tw een  She l e a d s  c o n n e a t in g  th e  b r i d g e  t e r m i ­
n a l s  to  t h e  s t a n d a r d  and unknown arm s and g ro u n d  and from e i t h e r
g e n e r a t o r  l e a d  to  g ro u n d ,  Any d i f f e r e n c e  i n  t h e s e  s t r a y s  would
ad d  i n  p a r a l l e l  to  e i t h e r  t h e  s t a n d a r d  o r  unknown arm s c a u e -
i n g  an  e r r o r  i n  r e a d i n g .
I n  t h e  e a r l i e r  b r i d g e  d e s ig n *  a  Wagner g ro u n d  a r ra n g e m e n t  
was u se d  to  a c c o m p l is h  t h e s e  two c o n d i t i o n s * ^  The 
Wagner g ro u n d  c o n s i s t e d  o f  two s e p a r a t e  b a l a n c i n g  arm s 
w i th  t h e i r  m id p o in t  g rounded*  By means o f  a sw itch *  th e  
lo w e r  s i d e  o f  t h e  d e t e c t o r  c o u ld  b e  changed  from i t s  no rm al 
p o s i t i o n  b e tw e e n  th e  s t a n d a r d  and unknown arm s to  t h i s  
g ro u n d e d  m id p o in t*  S u c c e s s iv e  b a l a n c e s  m ust b e  made w i th  
t h e  s t a n d a r d  arm and  ^ i t h  t h e  g round  arm s u n t i l  a  n u l l  
r e m a in s  on t h e  d e t e c t o r  f o r  e i t h e r  p o s i t i o n  o f  t h e  sw itch *
T h i s  i s  n o t  t h e  c i r c u i t  shown i n  th e  s c h e m a tic  d iagram *
F i g .  6 ,  b u t  r e f e r e n c e  may b e  made to  t h i s  f i g u r e  t o  i n ­
d i c a t e  e n t s • When t h i s  c o n d i t i o n  e x i s t s *
b o t h  t h e  d e t e c t o r  t e r m i n a l s  T^ and T^* a r e  a t  g ro u n d  
p o t e n t i a l  and t h e  s t r a y s  A and  A 1 w i l l  b e  b a la n c e d *  even
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th o u g h  no p h y s i c a l  g ro u n d  e x i s t s  In  t h e  b r i d g e .  3?his a r r a n g e ­
m ent o f  t h e  b r i d g e  was u s e d  s a t i s f a c t o r i l y  u n t i l  a t t e m p t s  
w ere  made t o  make m easu rem en ts  w i th  b i a s  and t e m p e r a t u r e .
I f  t h e  t e m p e r a t u r e  o f  th e  d i e s  was to  b e  m easu red  by  the rm o­
c o u p l e s  a t t a c h e d  t o  t h e  d i s c ,  and i f  b i a s  w ere to  b e  a p p l i e d ,  
t h e  c o r r e s p o n d in g  c i r c u i t s  w ould  become p a r t  o f  t h e  b r i d g e  
a n d  w ould  c a u s e  u n b a la n c e d  s t r a y s  o f  m a g n i tu d e s  to o  l a r g e  
f o r  a c c u r a t e  b a l a n c i n g ,  t h i s  however* c o u ld  b e  a v o id e d  by  
h a v i n g  a  p h y s i c a l l y  g ro u n d e d  p o i n t  i n  t h e  b r i d g e .
F o r  t h i s  r e a s o n *  t h e  b r i d g e  was changed  from t h e  Wagner 
g ro u n d  ty p e  t o  t h e  g ro u n d ed  p o i n t  ty p e  a s  shown I n  F ig .  6 .
14I t  i s  s i m i l a r  to  t h a t  d e s c r i b e d  b y  Owaga w i th  an a u x i l i a r y  
g e n e r a t o r  b a l a n c e .  The p r i n c i p l e  o f  o p e r a t i o n  o f  t h i s  b r i d g e  
i s  s i m i l a r  t o  t h e  Wagner g ro u n d  in  t h a t  i s  h a s  an a u x i l i a r y  
s e t  o f  b a l a n c i n g  arms* b u t  i t  i s  n o t  s i m i l a r  i n  t h a t  i t  
a l s o  p r o v id e s  a  p h y s i c a l  g round  a t  t h e  d e t e c t o r  t e r m i n a l  
b e tw e e n  t h e  s t a n d a r d  and  unknown a rm s . T h is  ty p e  o f  b r id g e  
s a t i s f i e s  t h e  c o n d i t i o n  o f  h a v in g  b o th  s i d e s  o f  th© d e t e c t o r  
a t  g round  p o t e n t i a l  when th e  b r i d g e  I s  b a l a n c e d  s i n c e  on® 
s i d e  i s  a l r e a d y  g ro u n d ed . I t  a l s o  b a l a n c e s  t h e  s t r a y s *  A 
an d  A1 * w h ich  a p p e a r  a t  th e  g e n e r a t o r  t e r m i n a l s  Tg and  v -
In  o r d e r  t o  a c c o m p l is h  t h i s  b a la n c e *  © w itches $ and  S 1 
a r e  p r o v id e d  t o  rem ove t h e  s t a n d a r d  and  unknown arm© from 
t h e  b r i d g e ,  b u t  t h e  © w itches a r e  so a r r a n g e d  t h a t  th® m ajor 
p o r t i o n  o f  t h e  c o n n e c t in g  lead©  w i l l  r em a in  i n  t h e  b r i d g e  
and  h a v e  t h e i r  s tra y ®  i n c lu d e d  In  A and A1. When th e  s w i tc h ­
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F i g .  6  G r o u n d e d  p o i n t  b r i d g e  wi th  m o d i f i c a t i o n s  
l i n e s  i n d i c a t e  s t r a y s .
D o t t e d
B r i d g e
to
: A  mpto
C .R -0
F i g .  "7. D e t e c t o r  c i r c u i t  e m p l o y i n g  g e n e r a t o r  v o l t a g e  f o r  
h o r i z o n t a l  sweep.
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s e p a r a t e  b r i d g e  and  t h e  s t r a y s  A and  A1 may b e  b a l a n c e d .
Any r e m a in in g  s t r a y s  i n  th e  d e c a d e  b o x e s  a r e  i n c l u d e d  In  
t h e  c o r r e c t i o n  c h a r t s  f o r  t h e s e  b o x e s .
The a rm s  o f  t h e  a u x i l i a r y  b a l a n c e  c o n s i s t e d  o f  a  c e n t e r  
t a p p e d  r e s i s t o r  w h ich  c o u ld  b e  v a r i e d  by  p l u g - i n  end c o i l s  
from  0 ,5  megohm t o  5 megohms w i th  a  0 .2 6  megohm v a r i a t i o n  
from  c e n t e r ,  A 50 t o  150 mmf v a r i a b l e  a i r  c a p a c i t o r  was 
p l a c e d  i n  p a r a l l e l  w i th  one  o f  t h e s e  arms* The a i r  c a p a c i t o r  
u s e d  I n  t h e  s t a n d a r d  arm re m a in e d  c o n n e c te d  d u r in g  t h e  p r e ­
l i m i n a r y  b a l a n c e  and  i n  e f f e c t  was i n  p a r a l l e l  w i th  th e  
o t h e r  arm , so  t h a t  i t s  z e ro  r e a d i n g  c a p a c i t a n c e  w ould be  
p a r t  o f  t h e  p r e l i m i n a r y  b a l a n c e .
T h is  p r e l i m i n a r y  g ro u n d  a r ra n g e m e n t  was a d v a n ta g e o u s ,  
b u t  t h e  a p p l i c a t i o n  o f  b i a s  r e q u i r e d  f u r t h e r  a d a p t a t i o n  o f  
t h e  b r i d g e .  I t  was d e c id e d  t o  p l a c e  a  low I n t e r n a l  im­
p e d a n c e  do s o u r c e ,  i n  s e r i e s  w i th  t h e  d e t e c t o r  t r a n s ­
fo rm e r  on t h e  g ro u n d e d  s i d e .  T h is  p o s i t i o n  o f  t h e  b i a s  
s u p p ly  makes i t  n e c e s s a r y  t h a t  t h e  r a t i o  arms h av e  a  low 
r e s i s t a n c e  i n  co m p ar iso n  t o  th e  da i n v e r s e  r e s i s t a n c e  o f  
t h e  d i s c .  T h i s  h a d  b e e n  f o r e s e e n  and h e n c e  th e  u s e  o f  
1 ,0 0 0  ohm r a t i o  arms* T h is  a l s o  r e q u i r e d  l a r g e  b lo c k in g  
c o n d e n s e r s  i n  s e r i e s  w i t h  th e  g e n e r a t o r  l e a d s .
However, t h e s e  m easu rem e n ts  w i th  b i a s  w ere f u r t h e r  
c o m p l ic a te d  by  th e  ex trem e s e n s i t i v i t y  o f  th e  d i s c  t o  
s m a l l  ch a n g e s  w hich  m ig h t o c c u r  In  th e  b i a s  v o l t a g e ,  o r  
t o  any  do  t r a n s i e n t s .  E f f e c t s  o f  t h i s  k in d  w ould t e n d  to  
p u t  t h e  d i s c  In  a  d i f f e r e n t  e l e c t r i c a l  s t a t e ,  and a  lo n g
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p e r i o d  o f  t im e  w ould b e  r e q u i r e d  f o r  t h e  d i s c  t o  r e t u r n  to  
I t s  q u i e s c e n t  c o n d i t i o n .
To a v o id  t h i s  e f f e c t ,  i t  was n e c e s s a r y  t o  p r e v e n t  
i n t e r r u p t i n g  t h e  b i a s  d u r in g  t h e  p r e l i m i n a r y  b a l a n c i n g  p ro ­
c e d u r e .  F o r  t h i s  p u r p o s e ,  a  make b e f o r e  b r e a k  s w i t c h ,  a * ,  
w as u s e d  f o r  t h e  p r e l i m i n a r y  b a l a n c e  a t  th e  d i s c  h o l d e r .
*hen  th e  p r e l i m i n a r y  b a l a n c e  was made, t h e  s w i tc h  p r o v id e d  
t h a t  t h e  d i s c  b e  d i s c o n n e c t e d  from  t h e  b r i d g e  l e a d s  and w i th ­
o u t  i n t e r r u p t i o n  b e  p l a c e d  i n  s e r i e s  w i th  t h e  b i a s  s u p p ly  
a n d  a  1,000 ohm r e s i s t o r  to  s im u la t e  t h e  e f f e c t  o f  th e  r a t i o  
a rm .
A c c u ra te  b r i d g e  m easu rem en ts  a l s o  depend  on a u x i l i a r y  
e q u ip m e n t ,  e s p e c i a l l y  on t h e  d e t e c t o r s  and  a s s o c i a t e d  
a m p l i f i e r s .  H ot o n ly  was a  h ig h  s e n s i t i v i t y  r e q u i r e d  a s  
e x p l a i n e d  e a r l i e r ,  b u t  two o t h e r  f a c t o r s  e n t e r e d .  The non­
l i n e a r  c h a r a c t e r i s t i c  o f  th e  d i s c  c a u se d  a  g e n e r a t i o n  o f  
h a r m o n ic s ,  and th e  o u tp u t  v o l t a g e  o f  th e  b r i d g e ,  e s p e c i a l l y  
a t  low f r e q u e n c i e s ,  was below  t h e  a v e ra g e  n o i s e  l e v e l .  F o r  
h i g h  s e n s i t i v i t y ,  i t  was t h e r e f o r e  n e c e s s a r y  t o  i n c r e a s e  
t h e  s i g n a l  t o  n o i s e  r a t i o .  F or t h i s  p u r p o s e ,  d e t e c t o r s  
em p lo y in g  f r e q u e n c y  s e l e c t i v e  a m p l i f i e r s  o f  n a rro w  band  
w id th  w ere  t h e  o n ly  s u i t a b l e  ty p e  o f  n u l l  i n d i c a t o r s .
At t h e  low f r e q u e n c i e s ,  © G e n e ra l  B adio  ty p e  738 A 
wave a n a l y s e r  o f  4 c y c le  band  w id th  was u sed  i n  c o n ju n c t io n  
w i t h  © f r e q u e n c y - s e l e c t i v e  a m p l i f i e r ,  F ig .  8 . The d e s ig n  
o f  t h e  a m p l i f i e r  was b a a e d  upon a  r e c e n t l y  p u b l i s h e d  c i r c u i t * 3̂  
T h is  i s  a  tw o - s t a g e  a m p l i f i e r  in v o lv in g  a  tw in - ?
r e s i s t a n c e  c a p a c i t a n c e  n e tw o rk  w hich  p rov ide®  n e g a t i v e  f e e d -
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b a c k  o f  a l l  f r e q u e n c i e s  t o  t h e  i n p u t  s t a g e  e x c e p t  f o r  th e  
d e s i r e d  f r e q u e n c y .  T h i s  f r e q u e n c y  s e l e c t i v e  n e tw o rk  p l u s  
th® g a i n  em ployed  y i e l d e d  e f f e c t i v e  v a l u e s  o f  Q f o r  t h e  
c i r c u i t  o f  a p p r o x im a te ly  1 2 .  F ix e d  f r e q u e n c y  n e tw o rk s
w e re  c o n s t r u c t e d  f o r  10 , 2 0 , 3 0 , 40 and 100 ops and  w ere
m oun ted  i n  p l u g - i n  s h i e l d  ca n e  f o r  q u ic k  change o f  f r e q u e n c y ,
/
Th® v a l u e s  f o r  t h e  tw ia -T  e le m e n ts  w ere  c a l c u l a t e d  w i th  t h e  
a i d  o f  t h e  f o r m u la s 1®
On 4 Qp n = — “4 ^ — *
nR R *  «■»'■*
1  g U)* 02
R  -  i R -1 ♦  R g
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The v a l u e  o f  n s h o u ld  h e  c l o s e  to  1 f o r  a  h ig h  Q, h u t  
w i t h  th e  a v a i l a b l e  c a p a c i t o r s  i t  was more c o n v e n ie n t  from 
a  v ie w p o in t  o f  s p a c e  and  s h i e l d i n g  to  h a v e
n z  1 , 1  4 10#
The r e s i s t o r s  w ere  th e n  c a l c u l a t e d  from t h e  r e s u l t i n g  n and 
m e a su re d  t o  £ 0 .  a#  o f  t h e i r  c a l c u l a t e d  v a l u e  t o  g iv e  an  e r r o r  
i n  t h e  m easu red  r e s o n a n t  f r e q u e n c y  o f  n o t  more th a n  £ 0 ,1 $ .
A l l  com ponents  o f  t h e  tw in -T  network® w ere m easu red  w i th  
t h e  b r i d g e  a t  t h e  f r e q u e n c y  a t  w hich th e y  w ere  to  b e  u s e d .  
E ach  b r a n c h  o f  t h e  T was s e p a r a t e d  by r i g i d  s h i e l d i n g  in  
t h e  p l u g - i n  can®.
A c a th o d e  f o l l o w e r  i n p u t  s t a g e  was added to  d r i v e  th e  
u n i t  from th® o u t p u t  t r a n s f o r m e r  o f  th e  b r i d g e ,  and  th e  
a m p l i f i e r  f e d  d i r e c t l y  i n t o  t h e  i n p u t  o f  t h e  G e n e ra l  K ad io  
wave form a n a l y z e r .  The a m p l i f i e r  was c o m p le te ly  b a t t e r y
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o p e r a t e d  an d  i n c l o s e d  I n  a h ea v y  s h i e l d .  The r e s u l t a n t  
v o l t a g e  a m p l i f t n a t i o n  w as o f  t h e  o r d e r  o f  200. As th e  
minimum u s a b l e  d e f l e c t i o n  on t h e  wav© form  a n a l y z e r  was 
o f  t h e  o r d e r  o f  10 m i c r o v o l t s ,  t h i s  a r ra n g e m e n t  g av e  an 
o v e r a l l  s e n s i t i v i t y  a t  t h e  o u tp u t  t e r m i n a l s  o f  t h e  b r i d g e  
o f  a p p r o x im a te ly  0 .0 5  m i c r o v o l t s  p e r  d i v i s i o n .  However, 
from  10 t o  40  c y c l e s ,  t h e  minimum u s e f u l  s i g n a l  was approx** 
im & te ly  l o  t i m e s  t h i s  v a l u e  b e c a u s e  o f  t h e  re m a in in g ,  n o l e e  
l e v e l *
The b a n d  w id th  o f  t h e  wave form a n a l y z e r  was 4 cp s  and 
w i t h  a  Q o f  12 f o r  t h e  a m p l i f i e r ,  t h e  e f f e c t i v e  b a n d  w id th  
o f  t h e  d e t e c t o r  w ould  b e  f u r t h e r  r e d u c e d  a t  low f r e q u e n c i e s .  
At f r e q u e n c i e s  ab o v e  40 o p s ,  t h e  4 c y c le  b an d  w id th  o f  t h e  
a n a l y z e r  was s u f f i c i e n t .  T h e r e f o r e ,  a  s w i tc h  was p ro v id e d  
on t h e  a m p l i f i e r  t o  c o n v e r t  i t  from a f r e q u e n c y  s e l e c t i v e  
t o  a  s t r a i g h t  a m p l i f i e r .  I n  t h i s  w ay, p l u g - i n  n e tw o rk s  
w ere  n o t  r e q u i r e d  ab o v e  100 c p s .
F or t h e  f r e q u e n c y  r a n g e  above 5 ,0 0 0  c y c l e s ,  t h e  d r i f t  
i n  t h e  wave a n a l y z e r  was enough to  c a u se  slow v a r i a t i o n  on 
i t s  i n d i c a t i n g  m e te r  w hich  made b a l a n c i n g  o f  th e  b r i d g e  
d i f f i c u l t .  'T h e r e f o r e ,  f o r  t h i s  r a n g e  an LO tu n e d  f e e d  b ack  
a m p l i f i e r  was c o n s t r u c t e d .  T h is  a m p l i f i e r  c o n s i s t e d  o f  two 
r e s i s t a n c e - c o u p l e d  s t a g e s  w i th  a  c a th o d e  f o l l o w e r  o u t p u t .
A f r e q u e n c y - s e l e c t i v e  p o s l t i v e - f e e d b a c k  lo o p  was u s e d  .as  
w e l l  a s  a  f l a t  n e g a t i v e - f e e d b a c k  p a t h .  B oth  c o u ld  b e  con­
t r o l l e d  i n  m a g n itu d e  and  b a l a n c e d  a g a i n s t  each  o t h e r .  The 
c i r c u i t  i s  shown i n  F ig .  9 .
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F i g . 9. High f r e qu en cy ,  s e l e c t i v e  amplifier.
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The s i g n a l  i s  f e d  i n t o  t h e  g r i d  o f  t h e  f i r s t  s t a g e  
t h r o u g h  a  d e c o u p l in g  a r r a n g e m e n t ,  t h e  ao  v o l t a g e  p a s s e s  
th r o u g h  th e  two s t a g e s  o f  a m p l l f l n a t i o n  and t h e  o u tp u t  
a p p e a r s  a c r o s s  a  c a th o d e  r e s i s t o r  o f  t h e  c a th o d e  f o l l o w e r  
o u tp u t*  By means o f  a  p o t e n t i o m e t e r ,  p a r t  o f  th e  o u tp u t  
i s  f e d  h ac k  th r o u g h  an  i s o l a t i n g  r e s i s t o r  t o  th© i n p u t  
d e c o u p l in g  c i r c u i t .  A p a r a l l e l  r e s o n a n t  c i r c u i t  i s  s h u n te d  
a c r o s s  t h i s  p o s i t i v e  f e e d  b ack  v o l t a g e  t o  a f f o r d  f r e q u e n c y  
s e l e c t i v i t y *  The c u r r e n t  th r o u g h  t h e  c a th o d e  f o l l o w e r  i s  
made to  f lo w  th r o u g h  p a r t  o f  t h e  c a th o d e  r e s i s t o r  o f  th e  
i n p u t  s t a g e .  T h i s  a f f o r d s  t h e  n e g a t i v e  feedback*  In  o r d e r  
t o  I n s u r e  p r o p e r  p h a s in g  o f  t h e  f e e d b a c k  v o l t a g e s ,  s e v e r a l  
c o n d e n s e r s  h a d  t o  b e  p l a c e d  a t  d i f f e r e n t  p o i n t s  o f  th e  
c i r c u i t *  The a m p l i f i e r  was c o m p le te ly  s h i e l d e d  and  b a t t e r y  
o p e r a te d *
I n  o p e r a t i o n ,  t h e  p o s i t i v e  and n e g a t i v e  fe e d b a c k  
v o l t a g e s  a r e  so a d j u s t e d  t h a t  t h e  a m p l i f i e r  i s  on t h e  v e rg e  
o f  o s c i l l a t i o n .  At t h e  same t im e ,  th e  t a n k  c i r c u i t  I s  tu n e d  
f o r  maximum o u t p u t .  U nder t h e s e  c o n d i t i o n s ,  t h e  h a l f  power 
p o i n t s  a r e  s e p a r a t e d  by  0 .0 6 #  o f  th© r e s o n a n t  f r e q u e n c y ,  
i n d i c a t i n g  a n  e q u i v a l e n t  q u a l i t y  f a c t o r  o f  1600 f o r  th© 
c i r c u i t .
T h is  a m p l i f i e r  was u s e d  w i th  a  c a th o d e  r a y  o s c i l l o ­
s c o p e  a s  t h e  d e t e c t o r  g i v i n g  a n  o v e r a l l  s e n s i t i v i t y  o f  0 . 5  
rme m i c r o v o l t s  p e r  I n c h .  The ao  b r i d g e  g e n e r a t o r  v o l t a g e  
was a p p l i e d  t o  th e  h o r i z o n t a l  d e f l e c t i n g  p l a t e s  o f  th e  GBO. 
I n  e f f e c t ,  t h e  b a l a n c i n g  p r o c e d u r e  th e n  c o n s i s t e d  o f  r e d u o -
l n g  t h e  b is s & J o u a  f i g u r e  t h u s  o b t a i n e d  t o  one w hich  d id  n o t  
c o n t a i n  t h e  fu n d am en ta l*  The c i r c u i t  u s e d  i s  shown In  Fig* 7 .
T h i s  a r r a n g e m e n t  h a s  s e v e r a l  ad v a n tag e ® . F o r  th e  
e a r l i e r  b r i d g e ,  t h e  I n t e r n a l  sweep c i r c u i t  o f  t h e  CRO was 
em p lo y ed , b u t  t h e  i n p u t  v o l t a g e  o f  t h e  sc o p e  was s m a l l  
en o u g h  n e a r  b a l a n c e  t h a t  s y n c h r o n i s a t i o n  was e a s i l y  l o s t ,  
a n d  i t  becam e d i f f i c u l t  t o  know when th e  fu n d a m e n ta l  was 
b a l a n c e d  an d  when t h e  s i g n a l  l e f t  was se co n d  h a rm o n ic .  The 
new a r r a n g e m e n t  a v o i d s  t h i s  d i f f i c u l t y *  I t  i s  a l s o  p o s s i b l e  
by  t h i s  m ethod  o f  b a l a n c e  t o  o b t a i n  a  ro u g h  s e t t i n g  f o r  one
o f  t h e  com ponen ts  (Rp o r  O p), a n d  th e n  to  b a l a n c e  t h e  o t h e r .
17T h i s  s a v e s  c o n s i d e r a b l e  t im e  In  o b t a i n i n g  a  b a l a n c e .
T h ese  h i g h - s e n s i t i v i t y  f r e q u e n c y - s e l e c t i v e  d e t e c t o r s  
r e q u i r e d  t h a t  t h e  b r i d g e  g e n e r a t o r s  h a v e  a  f a i r l y  c o n s t a n t  
v o l t a g e  o u t p u t  an d  s t a b l e  f r e q u e n c y  c h a r a c t e r i s t i c s  so  t h a t  
t h e  b a l a n c i n g  o f  t h e  b r i d g e  w ould n o t  b e  im peded b y  
f l u c t u a t i o n s  i n  t h e  d e t e c t o r  r e s u l t i n g  from t h e s e  c a u s e s .
From 10 to  1 ,0 0 0  ops a  H e w le t t  P a c k a rd  ty p e  E02 B low 
f r e q u e n c y  o s o l  1 1 a t o r  was fo u n d  t o  b e  t h e  m ost s u i t a b l e .  A t 
I n t e r m e d i a t e  f r e q u e n c i e s ,  v a r i o u s  g e n e r a t o r s  w ere  u s e d .  A 
G e n e r a l  R ad io  805 0 s i g n a l  g e n e r a t o r  was e x c e l l e n t  f o r  u s e  
from  20 k c p s  t o  200 k c p s .  The m ag n itu d e  o f  t h e  s i g n a l  a c r o s s  
t h e  d i s c  from  t h e s e  g e n e r a t o r s  was i n  a l l  c a s e s  m o n i to re d  
b y  a  B a l l a n t i n e  v o l t m e t e r  ty p e  300.
The f r e q u e n c y  o f  th e  s i g n a l  u s e d  on th e  b r i d g e  was 
com pared  p e r i o d i c a l l y  t o  t h e  B ureau  o f  S ta n d a rd * e  t im e  
s ig n a l®  on t h e i r  s t a t i o n  WOT. For f r e q u e n c i e s  o f  1 ,0 0 0  ops
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and  l o w e r « t h e  low f r e q u e n c y  o s c i l l a t o r  was c a l i b r a t e d  
a g a i n s t  wwv d i r e c t l y  b y  u s e  o f  a  t e l e v i s i o n  r a s t e r  ty p e  
f r e q u e n c y  c o m p a r a to r .*  F o r  f r e q u e n c i e s  from 1 ,0 0 0  cps  
t o  IS  k c p s ,  t h e  wave form  a n a l y s e r  was c a l i b r a t e d  from t h e  
h a r m o n ic s  o f  t h e  low f r e q u e n c y  o s c i l l a t o r .  Above 15 k c p e ,  
t h e  O e n e r a l  R ad io  s i g n a l  g e n e r a t o r  was c a l i b r a t e d  b y  means 
o f  t h e  t e l e v i s i o n  r a s t e r ,  t h e s e  c a l i b r a t i o n s  I n s u r e d  t h a t  
t h e  e r r o r  o f  t h e  f r e q u e n c y  m e asu rem e n ts  b e  l e e s  th a n  o n e -  
h a l f  p e r c e n t .
The r e m a in d e r  o f  t h e  a u x i l i a r y  eq u ip m en t t o  b e  d e s ig n e d  
w ere  t h e  c o n t r o l s  f o r  b i a s  and t e m p e r a t u r e .  Of t h e  p o s s i b l e  
m e th o d s  w h ich  c o u ld  b e  em ployed to  p ro d u c e  a  c o n s t a n t  v o l t ­
a g e  b i a s  su p p ly *  t h e  m ost e f f e c t i v e  and  s im p le  was t h e  u s e  
o f  c o m p a r a t iv e ly  low r e s i s t a n c e  f l a s h  l i g h t  c e l l s .  I n  
o r d e r  t o  k e e p  t h i s  s o u r c e  c o n s t a n t  and o f  low r e s i s t a n c e ,  
a  p o t e n t i o m e t e r  o o u ld  n o t  b e  u s e d  and  t h e  v a r i a t i o n  o f  t h e  
v o l t a g e  o o u ld  o n ly  b e  b r o u g h t  a b o u t  b y  ch a n g in g  th e  number 
o f  c e l l s .  S in c e  t h e  d r a i n  on t h e  b a t t e r y  was n o t  much more 
t h a n  one m il*  and s in c e  t h e  r e s i s t a n c e  o f  th® r a t i o  arm was 
low i n  c o m p ar iso n  t o  t h e  d© r e s i s t a n c e  o f  th e  d is c *  t h i s  
m ethod  a f f o r d e d  a c o n s t a n t  b i a s  o v e r  lo n g  p e r i o d s  o f  t im e .
The t e m p e r a t u r e  c o n t r o l  and m easurem ent r e q u i r e d  a  much 
m ore com plex a r ra n g e m e n t  th a n  t h e  b i a s  c o n t r o l .  For t h i s  
p u r p o s e ,  a  r a d i a t i o n - e q u i l i b r i u m  ty p e  o f  t e m p e r a tu r e  c o n t r o l  
w as d e v e lo p e d  t o  t h e  s t a g e  w here  i t  would g iv e  a d e q u a te
•  D ev e lo p ed  b y  T . J .  Yeadon u n d e r  t h e  d i r e c t i o n  ofju.w. M o r r i s . 10
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p r e c i s i o n *  T h is  h a s  advan tage®  o v e r  a c o n v e n t io n a l  c o n s t a n t  
t e m p e r a t u r e  b a th *  The lo n g  t im e * e o n s ta n t  a s s o c i a t e d  w i th  
a  l i q u i d  h a t h  i s  t h e r e b y  av o id ed *  a  m a t t e r  o f  im p o r ta n c e  
w h ere  a  l a r g e  num ber o f  a d j u s tm e n t s  i n  t e m p e r a tu r e  a r e  t o  
b e  made o v e r  a r a n g e  from  30 t o  -100°0#  The p ro b lem  o f  a  
s u i t a b l e  l i q u i d  f o r  such  a  t e m p e r a tu r e  ran g e*  a s  w e l l  a s  
p r o v i s i o n s  f o r  h e a t i n g  an d  c o o l in g  i t  a r e  a l s o  a v o id e d .  In  
a d d i t i o n ,  i t  was f e l t  t h a t  t h e  d i s c  h o u s in g  r e q u i r e d  w ould 
add  s t r a y  an d  p e r h a p s  v a r i a b l e  e l e c t r i c a l  a d m i t t a n c e s  t o  
t h o s e  o f  t h e  d is c *
I n  p r i n c i p l e ,  t h e  r a d i a t i o n  b a l a n c e  method c o n s i s t e d  o f  
e x p o s in g  t h e  d i s c  s i m u l t a n e o u s ly  to  a v e r y  c o ld  s u r f a c e  ( d r y  
l e e  o r  l i q u i d  n i t r o g e n )  and  a  h e a t e d  f i l a m e n t .  By a d j u s t *  
i n g  t h e  t e m p e r a t u r e  o f  t h e  l a t t e r ,  and t h e  e f f e c t i v e  a r e a  
o f  t h e  f o rm e r ,  r a p i d  a d j u s t m e n t s  o f  t e m p e r a tu r e  o ^ u ld  b e  
made b e c a u s e  o f  t h e  low h e a t  c a p a c i t y  o f  th e  d i s c *  P r o p e r  
f u n c t i o n i n g  w ould  depend  upon  th e r m a l l y  i s o l a t i n g  th® d i s c  
a s  c o m p le t e ly  a s  p o s s i b l e  and a v o id in g  o t h e r  lo n g  tim e*  
c o n s t a n t  e f f e c t s .
The f o l l o w i n g  a r ra n g e m e n t  was u s e d  t o  a c h ie v e  t h e  above  
ends* The d i s c  was s u p p o r te d  on a  p o ly s t y r e n e  ro d  n e a r  th e  
c e n t e r  o f  a  l a r g e  t h e  arm o s  f l a s k *  I t s  t h i c k  n i c k e l  b a s e ,  
w i t h  t h e  a t t a c h e d  i r o n - c o n s t a n t i n  th e rm o c o u p le  l e a d ,  was 
t u r n e d  to w a rd  t h e  b o t to m  o f  t h e  f la s k *  Two h o r i z o n t a l  f o i l  
s h i e l d s  w ere  p l a c e d  above  t h e  d i s c  to  p r e v e n t  r a d i a t i o n  and 
c o n v e c t i o n  l o s s e s  from  th e  u p p e r  s u r f a c e  o f  th e  d is c *  Grush­
e d  d ry  I c e  f i l l e d  t h e  b o tto m  o f  th e  f l a s k .  A h o r i z o n t a l
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alum inum  f o i l  s h i e l d  was p l a c e d  b e tw een  t h e  d ry  i c e  and  th e  
d i s c .  T hrough  a  h o l e  I n  t h e  s h i e l d  s l i g h t l y  l a r g e r  th e n  th e  
d i s c ,  a  t h e r m a l  r a d i a t i o n  e q u i l i b r i u m  was e s t a b l i s h e d  b e tw e en  
t h e  d r y  i o e  and  t h e  d l s o .  Above t h i s  aluminum s h i e l d ,  a  
c i r c u l a r  w i r e  h e a t e r  was p l a c e d ,  w h ich  i l l u m i n a t e d  t h e  b o tto m  
o f  t h e  d i s c *  By v a r y in g  th e  t e m p e r a tu r e  o f  t h i s  h e a t i n g  c o i l ,  
t h e  e q u i l i b r i u m  t e m p e r a tu r e  o f  t h e  d i s c  oou ld  b e  changed .
T h i s  sy s tem  h ad  s e v e r a l  a d v a n ta g e s .  By t h i s  a r r a n g e ­
m e n t ,  t h e  m a jo r  p o r t i o n  o f  t h e  h e a t  ex change  to o k  p l a c e  
th r o u g h  th e  n i c k e l  d i s c ,  t h u s  s e r v i n g  to  e q u a l i z e  t h e  tem­
p e r a t u r e  t h r o u g h o u t  t h e  s e le n iu m  l a y e r  w i th  I t s  p o o r  th e rm a l  
c o n d u c t i v i t y .  S e c o n d ly ,  t h e  sy s tem  a l lo w e d  th e  t e m p e r a tu r e  
o f  t h e  d i s c  t o  b e  i n c r e a s e d  a s  r a p i d l y  a s  d e s i r e d  by r a i s i n g  
t h e  t e m p e r a tu r e  o f  t h e  f i l a m e n t  s u f f i c i e n t l y .
A t low t e m p e r a t u r e s ,  c a r e  had t o  b e  t a k e n  to  a v o id  
f r o s t i n g  o f  t h e  d i s c  w h ich  w ould  i n t r o d u c e  e x t r a n e o u s  con­
d u c t a n c e  an d  c a p a c i t a n c e .  The d i s c  was r a i s e d  to  an  e l e v a t e d  
t e m p e r a t u r e  o f  20 t o  3 0 °0  when f i r s t  i n t r o d u c e d  i n t o  th e  
f l a s k .  T h is  t e m p e r a tu r e  was m a in ta in e d  u n t i l  t h e  d r y  COg 
v a p o r  r e p l a c e d  t h e  m o is t  a i r  t h u s  r e d u c i n g  th e  p o s s i b i l i t y  
o f  f r o s t i n g .
F o r  th© c o n t r o l  o f  t h i s  s y s te m , t h e  d l s o  t e m p e r a tu r e  
was m easu red  on a  L eads  and N o r th ro p  Speedoraax r e c o r d e r  by  
i t s  th e rm o c o u p le  l e a d s .  The e r r o r  v o l t a g e  o f  t h e  r e c o r d e r  
m o to r  was u s e d  to  c o n t r o l  t h e  h e a t i n g  c o i l  th r o u g h  an  
e l e c t r o n i c  c i r c u i t .  By t h i s  a r r a n g e m e n t ,  t h e  d i s c  c o u ld  be  
h e l d  a t  a  f i x e d  t e m p e r a tu r e  to  w i th in  0 .6 °G  f o r  lo n g  p e r i o d s
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o f  t im e .
The d ev e lo p m e n t o f  t h i s  t e m p e r a tu r e  d e v i c e  b r o u g h t  th e  
b r i d g e  and i t s  a u x i l i a r y  eq u ip m en t i n t o  i t s  f i n a l  form* & 
b l o c k  d ia g ra m  o f  t h e  c o m p le te d  c i r c u i t  1® shown i n  F ig .  ! ! •
The r a t i o  arm s and  t h e  f o u r  t e r m i n a l s  o f  th e  b r i d g e  
w e re  h o u se d  i n  a  h eav y  s h e e t  co p p e r  b o x .  Im m e d ia te ly  below  
and  a t t a c h e d  t o  t h i s  box w ere  t h e  g ro u n d  b a l a n c i n g  a r r a n g e ­
m ent an d  t h e  b l o c k i n g  c o n d e n s o r s  w hich  w ere c o m p le te ly  
e n c lo s e d  i n  an  i r o n  b o x .  T h re e  Amphenol tw in a x  s h i e l d e d  
c o n n e c to r s  w e re  p la c e d  s y m m e t r i c a l ly  a c r o s s  t h e  f a c e  o f  th© 
r a t i o  arm h o u s i n g .  The o u t e r  two w ere  f o r  th e  s t a n d a r d  and 
unknown, a rm s ,  an d  t h e  c e n t e r  one was f o r  th e  d e t e c t o r *  I n  
t h e  c e n t e r  o f  th e  g ro u n d  b a l a n c e  h o u s i n g , a  c o n n e c to r  was 
p l a c e d  f o r  t h e  g e n e r a t o r  l e a d s .
Twinax s h i e l d e d  l e a d  c o n n e c te d  t h e  s t a n d a r d  arm t e r m i n a l  
o f  t h e  r a t i o  arm box  to  p r e l i m i n a r y  b a l a n c e  s w i tc h e s  i n  a  
h o u s in g  w hich  p lu g g e d  i n t o  t h e  G e n e ra l  R adio  d ec a d e  c o n d e n se r  
and  r e s i s t a n c e  b o x e s .  The unknown t e r m i n a l  o f  t h e  r a t i o  
arm box was c o n n e c te d  by an i d e n t i c a l  l e n g t h  o f  tw in a x  t o  
t h e  o t h e r  p r e l i m i n a r y  b a l a n c i n g  s w i tc h  h o u sed  im m e d ia te ly  
ab o v e  th e  d i s c  h o l d e r .
The d e t e c t o r  t e r m i n a l  o f  th e  r a t i o  arm box  c o u ld  b© 
c o n n e c te d  t o  e i t h e r  o f  two t e r m i n a l s  on a h o u s in g  c o n t a i n ­
in g  th e  o u tp u t  t r a n s f o r m e r s  and b i a s i n g  b a t t e r i e s .  One o f  
t h e s e  t e r m i n a l s  was u se d  f o r  t h e  low f re q u e n c y  t r a n s f o r m e r ,  
a n d  t h e  o t h e r  f o r  t h e  h ig h .  O th e r  p lu g s  were p ro v id e d  from 
t h i s  box  f o r  th e  o r e d e t e c t o r  a m p l i f i e r s .
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I n  t h e  same way, th® g e n e r a t o r  t e r m i n a l s  w ere  b r o u g h t  
t o  a  h o u s in g  c o n t a i n i n g  t h e  i n p u t  t r a n s fo rm e r ® .  A lso  i n ­
c lu d e d  i n  t h i s  h o u s in g  w ere  a  p o t e n t i o m e t e r  and  s w i tc h e s  
f o r  c o n t r o l l i n g  o r im a ry  c i r c u i t s  o f  th e  t r a n s f o r m e r s .  
A n o th e r  p lu g  was p r o v id e d  f o r  t h e  i n p u t  from t h e  g e n e r a t o r s .
A d ia g ra m  o f  t h e  b r i d g e  e le m e n ts  and  a u x i l i a r y  e q u ip ­
m ent i s  shown i n  F ig .  1 0 . F ig u r e  6 shows th e  s c h e m a t ic  
d ia g ra m  o f  t h e  b r i d g e  p ro p e r*
The e r r o r  o f  m easu rem en t o f  t h e  b r i d g e  was found  t o  
b e  l e s s  th a n  one p e r c e n t  ©ver most o f  t h e  f r e q u e n c y  r a n g e .  
H ow ever , i n  t h e  medium rang®  o f  f r e q u e n c i e s  th e  e r r o r  i s  
much l e s s  t h a n  o n e  p e r c e n t , b u t  a t  10 and  20 cp s  th® e r r o r  
can  become 5 t o  10# i n  b o t h  r e s i s t a n c e  and c a p a c i t a n c e  i f  
t h e  r e s i s t a n c e  i s  g r e a t e r  th a n  one megohm. T h is  i s  due t o  
t h e  low s e n s i t i v i t y  o f  t h e  d e t e c t o r  u n d e r  t h e s e  c o n d i t io n s *
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Fig.  10. G e n e r a l  p l a n  of b r i d g e  showing shielding a n d  a u x i l i a r y  e q u i p m e n t .
I l l ,  TYPES OF INVESTIGATIONS 
The I n v e s t i g a t i o n s  p e r fo rm e d  w i th  t h e  b r i d g e  i n  i t s  
f i n a l  form c o n s i s t e d  o f  f r e q u e n c y  r u n s  a t  v a r i o u s  te m p e ra ­
t u r e s .  I n  a  f r e q u e n c y  r u n ,  t h e  i n c r e m e n ta l  p a r a l l e l  
e q u i v a l e n t  c a p a c i t a n c e  and  r e s i s t a n c e  w ere  m easu red  o v e r  
t h e  e n t i r e  f r e q u e n c y  r a n g e  a t  a c o n s t a n t  t e m p e r a tu r e .  The 
s t u d i e s  made f e l l  u n d e r  t h r e e  g e n e r a l  c l a s s i f i c a t i o n s :  b i a s  
i n v e s t i g a t i o n ,  fo rm in g  i n v e s t i g a t i o n ,  and I n v e s t i g a t i o n  o f  
r e p r o d u c i b i l i t y .
I n  t h e  b i a s  I n v e s t i g a t i o n s ,  a l l  t h e  d i s c s  u s e d  h ad  been  
p r e v i o u s l y  fo rm e d . Im m e d ia te ly  a f t e r  I t s  m a n u fa c tu r e ,  a  
d i s c  I s  c o n s id e r e d  a  v i r g i n ,  b u t  I n  o r d e r  to  I n c r e a s e  i t s  
r e c t i f i c a t i o n  r a t i o .  I t  i s  s u b j e c t e d  t o  a  fo rm in g  p r o c e s s .  
A f t e r  t h i s  p r o c e s s ,  t h e  d i s c  I s  r e f e r r e d  to  a s  form ed 
I n s t e a d  o f  v i r g i n .
A s e t  p r o c e d u r e  o f  fo rm in g  was u se d  i n  b i a s  I n v e s t i ­
g a t i o n s .  The d i s c  was h o u se d  In  a  th e rm o s  f l a s k  to  p r e v e n t  
c o o l i n g  w h ich  c o u ld  o u t t h e  d i s c  In  an u n s t a b l e  e l e c t r i c a l  
s t a t e  and ca u se  i t  t o  b u rn  o u t .  A s te a d y  p o t e n t i a l  from 
a  c o n s t a n t  v o l t a g e  s o u rc e  was a p p l i e d  to  th© d i s c  In  th© 
I n v e r s e  d i r e c t i o n  and g r a d u a l l y  i n c r e a s e d  to  keep  th e  d i s c  
j u s t  be low  th e  b o r d e r  o f  I n s t a b i l i t y .  Th® te m p e r a tu r e  o f  
t h e  d i s c  w ould a l s o  r i s e  w i th  I n c r e a s e d  v o l t a g e  end was 
t i e d  in  w i th  th e  i n s t a b i l i t y .  T h e r e f o r e ,  t h e  v o l t a g e  was
f t  , .
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r e g u l& te d  so  a s  t o  k ee p  th© te m p e ra  ta r®  u n d e r  1SG°Q w h ich  
v a l u e  was u s e d  a s  a  c r i t e r i o n  f o r  th e  b o r d e r  o f  i n s t a b i l i t y .  
X - r a y  I n v e s t i g a t i o n  r e v e a l e d  t h a t  cadmium s e l e n i d e  la y e r®  
b u i l t  up  i n  t h i s  way w ere  r e l a t i v e l y  v e r y  t h i c k .  They ra n g e d  
from  40 t o  60 x  10"6 cm.
An i n v e s t i g a t i o n  was made w ith  i n v e r s e  b i a s  o v e r  a  r a n g e  
from  z e ro  t o  5*7 v o l t s .  I n v e s t i g a t i o n s  a t  l a r g e r  b i a s  v o l t ­
a g e s  w ere  a t t e m p t e d ,  b u t  th© h e a t i n g  e f f e c t  o f  t h e  s t e a d y  
l i a s  c u r r e n t  th r o u g h  th e  d i s c  c o u ld  n o t  b e  c o n t r o l l e d  by th e  
c o n s t a n t  t e m p e r a t u r e  d e v i c e .  A lso  o t h e r  e x t r a n e o u s  e f f e c t s  
l i m i t e d  t h e  a c c u r a c y  o f  t h e s e  h ig h  b i a s  m e asu rem e n ts .  A 
v e r y  l i m i t e d  s tu d y  was made w i th  p o s i t i v e  b i a s ,  A more 
th o r o u g h  i n v e s t i g a t i o n  i n  t h i s  r e g i o n  w ould r e q u i r e  o t h e r  
c h a n g e s  i n  t h e  b r i d g e  d e s i g n ,
A l a r g e  num ber o f  z e ro  b la s -m e a su re m e n t®  w ere  mad© on 
d i s c s  o f  o u r  own m a n u fa c tu re #  and f o r  com parison  an i n v e s t i ­
g a t i o n  was a l s o  made on a com m erc ia l d i s c .
B e f o r e  i n v e s t i g a t i o n  o f  t h e  fo rm in g  co u ld  b e  made, a  
s u i t a b l e  p r o c e s s  o f  fo rm in g  h a d  to  b e  chosen  f o r  c o r r e l a t i o n  
w i t h  x - r a y  d a t a .  The p r o c e s s  chosen  c o n s i s t e d  o f  p a s s in g  
a  c o n s t a n t  c u r r e n t  o f  36 ma th ro u g h  th e  d i s c  i n  th© b lo c k ­
in g  d i r e c t i o n  f o r  a d e f i n i t e  p e r i o d  o f  t im e .  The t e m p e r a tu r e  
o f  th© d i s c  was h e ld  a t  110°CS by a m a n u a l ly  c o n t r o l l e d  
r a d i a t i o n  b a l a n c e .  The cadmium se le n id ®  l a y e r s  form ed i n  
t h i s  way w ere rnuah t h i n n e r  th a n  th e s e  y i e l d e d  b y  th e  m ethods 
d e s c r i b e d  a b o v e .
To s tu d y  t h e  e f f e c t©  o f  fo rm in g ,  I n v e s t i g a t i o n s  w ere
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mad© f i r s t  on th© v i r g i n  d i s c  and  th e n  a f t e r  each  stag© o f  
f o r m in g .  A f t e r  t h e  m easu rem en ts  w ere co m p le ted  f o r  each  
s t a g e ,  t h e  cadmium l a y e r  was rem oved and th e  t h i c k n e s s  o f  
t h e  cadmium s e le n id ®  l a y e r  was measured, by  x - r a y  a n a l y s i s .
I n  o r d e r  to  o b t a i n  some a s s u r a n c e  t h a t  th e  s u b j e c t i o n  
t o  v a r i o u s  c o n d i t i o n s  d id  n o t  c a u se  pe rm an en t ch a n g es  i n  
t h e  d i s c ,  a n  I n v e s t i g a t i o n  o f  m easurem ent r e p r o d u c i b i l i t y  
was made. The f i r s t  s tu d y  was made on t e m p e r a t u r e .  A f r e ­
q u en c y  ru n  was made a t  a low te m p e ra tu r©  a f t e r  w hich  th e  
d i s c  was e l e v a t e d  t o  a t e m p e r a t u r e  s l i g h t l y  ab o v e  t h a t  o f  
t h e  room and  th e n  r e t u r n e d  to  i t s  o r i g i n a l  t e m p e r a tu r e .  
A n o th e r  man was made, and t h e  r e s u l t s  w ere com pared . D uring  
t h e s e  t y p e s  o f  i n v e s t i g a t i o n s ,  a s tu d y  was a l s o  mad® on r e ­
p r o d u c i b i l i t y  w i t h  f r e q u e n c y .  The f i r s t  p a r t s  o f  t h e s e  ru n s  
w ere  s t a r t e d  from  t h e  low f r e q u e n c y  end o f  th e  r a n g e  to  th e  
h i g h  an d  w ere  r e p e a t e d  s t a r t i n g  from t h e  h ig h  f r e q u e n c y  down­
w ard .
A s tu d y  was a l s o  made on th e  r e p r o d u c i b i l i t y  o f  r u n s  
made on a  d i s c  b e f o r e  and a f t e r  v a r i o u s  p e r io d s  o f  n o n -u s e .
The f o l l o w i n g  t a b l e  g iv e s  a co m ple te  l i s t  o f  th© m easu re ­
m e n ts  t a k e n .
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TABLE I
Types o f  I n v e s t i g a t i o n s
A: T e m p e ra tu re  and  R e p r o d u c i b i l i t y  I n v e s t i g a t i o n s
( A l l  r u n s  t a k e n  from h ig h  f r e q u e n c y  downward 
u n l e s s  o t h e r w i s e  n o te d )
D is c  99
O rd e r  o f  C o n d i t io n s  T e m p e ra tu re
M easurem en t oo
o r  Run No.
2* F u l l y  Formed -*47.5
3 21 h o u r s  a f t e r  ru n  - 4 7 .5
No* 2 .  D isc  Temp, was
30° b e tw e e n  r u n s
4 -3 0
5 9 h o u r s  a f t e r  ru n  No. -30
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D: Com m ercial D isc  (No F u r t h e r  T re a tm en t)
- 4 7 | °  - 3 0 °  -1?% ° - 5 ° 20°
IV . PRESENTATION or PATA 
I n  o r d e r  t o  i n t e r p r e t  and d i s c u s s  t h e  e x p e r im e n ta l  d a t a  
t o  i t s  b e a t  a d v a n ta g e *  s u i t a b l e  m ethods o f  p r e s e n t a t i o n  
w e re  n e c e s s a r y .  I n  t h e  e a r l y  s t a g e s  o f  th© work Im pedance 
and  a d m i t t a n c e  l o c i  w ere  u s e d  f o r  t h i s  p u r p o s e .  The Im­
p e d a n c e  c u r v e s  w ere  w e l l  d e f i n e d  c i r c l e s  w i th  d e p r e s s e d  
c e n t e r s  a s  h a d  b e e n  p r e d i c t e d  by t h e o r y .  However* th e  im­
p e d a n c e  l o c i  w ere  o n ly  a b l e  to  e x h i b i t  th© d a t a  f o r  low 
f r e q u e n c i e s .  On t h e  o t h e r  h an d , th e  a d m i t ta n c e  lo c i *  w hich 
w e re  n o t  c i r c u l a r *  e x h i b i t e d  t h e  d a t a  o n ly  f o r  h ig h  f r e ­
q u e n c i e s .  F u r th e rm o re  t h e  f r e q u e n c y  d ep en d en ce  o f  t h e  
p a r a m e te r s  was n o t  d i s p l a y e d  c o n v e n ie n t ly .
I t  w as th e n  d e c id e d  to  p l o t  1/Bp and  ( e q u i v a l e n t
p a r a l l e l  c o n d u c ta n c e  and c a p a c i t i v e  r e a c ta n c e }  a g a i n s t  
f r e q u e n c y .  T h ese  c u r v e s  had  th e  a d v a n ta g e  t h a t  t h e  c h a r ­
a c t e r i s t i c s  o f  t h e  d i s c s  o o u ld  be  shown f o r  any f r e q u e n c y .  
They h a d  t h e  d i s a d v a n t a g e  t h a t  th e  c u rv e s  had  t o  be  brofceft 
I n t o  more th a n  one s e c t i o n  w i th  d i f f e r e n t  f r e q u e n c y  s c a l e s  
I n  o r d e r  to  c o v e r  th e  w hole  f r e q u e n c y  r a n g e .
T h is  p r o c e d u r e  was u se d  e a r l i e r ,  and  J a f f a 1s c a l c u l a ­
t i o n s  o f  t h e  I o n i c  c o n s t a n t s  w ere b a s e d  upon such  c u r v e s .
The d i f f i c u l t y  o f  s e p a r a t i n g  th® e f f e c t s  o f  th e  v a r i o u s  
c a r r i e r s  upon th e  c u rv e s  l e d  to  c o n t in u in g  a t t e m p t s  to  f i n d  
o t h e r  ways o f  p r e s e n t i n g  t h e  d a t a  i n  w hich th e  c o n t r i b u t i o n s
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o f  t h e  v a r i o u s  i o n i c  com ponents  oo u ld  toe r e s o l v e d .
From t h e o r e t i c a l  c o n s i d e r a t i o n s  t h e  c u rv e s  m ig h t b e  
e x p e c te d  to  t a k e  a  s i m p l e r  form  i f  t h e  c o n d u c ta n c e  and ©ac­
c e p ta n c e  w e re  p l o t t e d  a g a i n s t  th e  sq u a re  r o o t  o f  f r e q u e n c y .
T h i s  h a s  t h e  a d v a n ta g e  t h a t  t h e  l a r g e  r a n g e  o f  f r e q u e n c i e s  
c o v e re d  c o u ld  b e  com pressed  i n t o  a s h o r t e r  s c a l e  l e n g t h .  Th© 
m o st r e c a n t  d a t a  h a s  a l l  b e e n  p l o t t e d  i n  t h i s  form on a  
l a r g e  s c a l e  so t h a t  b o t h  1 /J^  and  ^  Op c u r v e s  a t  v a r i o u s  
t e m p e r a t u r e s  o o u ld  b e  p u t  on th e  same s h e e t .  T h is  l a r g e  
s c a l e  a l s o  p e r m i t t e d  a  s tu d y  o f  th e  s e l f  c o n s i s t e n c y  o f  th e  
r e a d i n g s  an d  a i d e d  i n  t h e  s e a r c h  f o r  s m a l l  f l u c t u a t i o n s  i n  
t h e  c u r v e  w h ich  m ig h t  b e  i n d i c a t i v e  o f  th e  c o n t r i b u t i o n s  o f  
s e p a r a t e  g ro u p s  o f  i o n s .  However, t h e s e  g r a p h s  s t i l l  r e ­
q u i r e d  two s e c t i o n s  o f  d i f f e r e n t  s c a l e s  to  c o v e r  t h e  w hole 
f r e q u e n c y  r a n g e .  They a l s o  p ro v e d  c o n f u s in g  b e c a u s e  o f  t h e  
l a r g e  num ber o f  c u r v e s  drawn on th© same s h e e t .
Th© n e x t  t y p e  o f  g r a p h  w h ich  l o g i c a l l y  p r e s e n t e d  i t s e l f  
was a  p l o t  o f  lo g  1/Rp and  log<»Cp a g a i n s t  lo g  f  p l o t t e d  
s e p a r a t e l y  f o r  e a c h  t e m p e r a tu r e .  T h is  ty p e  o f  c u rv e  a l lo w e d  
t h e  w h o le  f r e q u e n c y  r a n g e  t o  b e  shown on one g r a p h .  By th© 
u s e  o f  t h i n  g ra p h  p a p e r  i t  was p o s s i b l e  t o  compare t h e  c u rv e s  
w i t h  one  a n o t h e r  b y  s u p e r p o s i t i o n .  They were p l o t t e d  on a  
l a r g e  s c a l e  and  e x h i b i t e d  i n  many c a s e s  s t r a i g h t  s e c t i o n s  
w i t h  a b r u p t  th o u g h  s m a l l  changes  i n  s l o p e .
When Cp o r  i t s  l o g  a r e  p l o t t e d  a s  a f u n c t i o n  o f  th©
f r e q u e n c y ,  f  , t h e  v a r i a t i o n  o f  th® f a c t o r  masks th© ch an g es  
i n  Op, e s p e c i a l l y  a t  low f r e q u e n c i e s .  F o r  t h i s  r e a s o n  c u rv e s
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w ere  p l o t t e d  f o r  l o g  Op v s  l o g  f&. T h ese  c u rv e s  h ad  many 
a d v a n ta g e s *  I n  t h e  f i r s t  p l a c e ,  t h e  l o g a r i t h m s  a l lo w  th e  
u s e  o f  t h e  c o m p le te  r a n g e s  o f  Gp o r  1/Bp and f re q u e n c y  to  
h e  u s e d .  They com press  th e  h ig h  r a n g e s  and expand th e  low 
r a n g e s ,  r e s u l t i n g  i n  s p a c in g  t h e  e x p e r im e n ta l  p o i n t s  ap p ro x *  
im & ta ly  e q u i d i s t a n t  from e a ch  o t h e r .  S e c o n d ly ,  th e  c u rv e s  - 
p l o t t e d  i n  t h i s  m anner a r e  r e l a t i v e l y  s im p le  in  shape  and 
a l l o w  e a s y  c o m p ar iso n  o f  s e v e r a l  cu rves*
A n o th e r  m ethod  o f  p l o t t i n g  t h e  Op v a r i a t i o n  w hich  1© 
c o n v e n ie n t  f o r  t h e  r e d u c t i o n  o f  d a t a  i s  a  s e m i- lo g  r e p r e ­
s e n t a t i o n *  I n  t h i s  c a s e ,  i s  p l o t t e d  a g a i n s t  lo g  f&.
S in c e  t h e  Op v a r i a t i o n  i s  n o t  e x t re m e ,  o n ly  one s c a l e  i s  
n e c e s s a r y *
The v a r i a t i o n  o f  t h e  d i s c  c h a r a c t e r i s t i c s  a r e  r e ­
p r e s e n t e d  i n  t h e  l o g - l o g  p l o t s  a s  shown i n  F i g s .  11 t o  20 . 
F i g u r e s  11 and 12 show th e  d ep en d en ce  o f  th e  d i s c  c h a ra c ­
t e r i s t i c s  a s  b f u n c t i o n  o f  a w id e r  t e m p e r a tu r e  r a n g e  th a n
o r d i n a r i l y  u s e d .  Aa i t  was d e s i r e d  to  check r e p r o d u c i b i l i t y  
a f t e r  e x p o s u re  t o  low t e m p e r a t u r e s ,  th e  run® w ere made from 
— 1 7 | °  downward. F i n a l l y  a check ru n  was r e p e a t e d  a t  - 1 7 J 0 .
The c u rv e s  a r e  numbered i n  t h e  o r d e r  i n  which th e  ru n s  were 
m ade. F i g u r e s  13 and 14 chow th e  t e m p e r a tu r e  v a r i a t i o n  o v e r  
t h e  u s u a l  r a n g e  u s e d .
The e f f e c t s  o f  fo rm in g  and cadmium se len id ©  l a y e r  t h i c k ­
n e s s  on d i s c  c h a r a c t e r i s t i c s  a t  one t e m p e r a tu r e  a r e  shown i n  
F i g s .  16 and  16 . (The fo rm in g  p ro c e d u re  1® g iv e n  In  C h a p te r  
I I I  an d  t h e  Cadmium S e le n i& e  t h i c k n e s s e s  a r e  shewn i n  T a b le  IX)
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The c u rv e s  a r e  marked a c c o r d in g  to  t h e i r  t im e  o f  fo rm in g .
F ig u r e s  17 and 18 r e p r e s e n t  t h e  e f f e c t  o f  an  i n v e r s e  
b i a s  a t  one t e m p e r a t u r e .  The c u rv e s  a r e  marked w i th  th e  
v a l u e  o f  i n v e r s e  b i a s  u s e d .  The v e r y  lo^? f r e q u e n c y  p o r t i o n  
o f  t h e  l a r g e s t  i n v e r s e  b i a s  c u rv e  d ro p s  I n t o  t h e  n e g a t i v e  
c a p a c i t a n c e  r e g i o n  and can  n o t  be  r e p r e s e n t e d  on t h e s e  
l o g a r i t h m i c  p l o t s .
For c o m p a r is o n ,  th e  m easu rem en ts  on a r e p r e s e n t a t i v e  
c o m m erc ia l  d i s c  a r e  a l s o  p r e s e n t e d  in  F ig s .  19 and  £Q. T hese  
c u r v e s  show t h e  v a r i a t i o n  I n  t h e  d i s c  c h a r a c t e r i s t i c s  o v e r  
a s m a l l  t e m p e r a tu r e  r a n g e .
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V. HTOUOTION OF BATA 
I n  t h e  c a s e  o f  a  r e c t i f i e r  whoa© c h a r a o t e r i s t i c s  a r e  
d e t e r m i n e d  b y  a  s i n g l e  i o n i c  c a r r i e r ,  i n f o r m a t i o n  r e g a r d i n g  
I t s  m o b i l i t y  and c o n c e n t r a t i o n  may b e  d e r i v e d  v e r y  ©imply.
The e x p e r i m e n t a l  c a p a c i t a n c e  and c o n d u c ta n c e  c u r v e s  may b e  
com pared t o  c u r v e s  on t h e  same s c a l e  p r e p a r e d  by  t h e o r e t i c a l  
c a l c u l a t i o n s  f o r  i o n s  o f  known m o b i l i t i e s  and c o n c e n t r a t i o n s .
F o r  t h e  s e m i - l o g  c u r v e s  o f  Gp  v e r s u s  l o g  a  f a m i l y  
o f  t h e o r e t i c a l  c u r v e s  a r e  r e q u i r e d  f o r  v a r i o u s  c o n c e n t r a t i o n s  
a t  a s t a n d a r d  m o b i l i t y .  The e x p e r i m e n t a l  c u rv e s  may th e n  b e  
s u p e r im p o s e d  on t h i s  f a m i l y  and s h i f t e d  h o r i z o n t a l l y  w i th  t h e  
l o g  f i  a x e s  a lw a y s  c o i n c i d i n g  u n t i l  a  f i t  i s  o b t a i n e d  w i t h  
one  member o f  t h e  t h e o r e t i c a l  g r o u p .  The c o i n c i d i n g  th e o ­
r e t i c a l  c u rv e  g i v e s  t h e  z e ro  f r e q u e n c y  c a p a c i t a n c e  0po»
x -t h e  d i f f e r e n c e  i n  t h e  h o r i z o n t a l  s c a l e s  g i v e s  ^  lo g  f r' which 
a l l o w s  t h e  m o b i l i t y  o f  t h e  e x p e r i m e n t a l  g roup  r e l a t i v e  t o  t h e  
s t a n d a r d  m o b i l i t y  t o  b e  d e t e r m i n e d .  From t h e s e  two v a l u e s ,  
t h e  i o n i c  d a t a  may b e  c a l c u l a t e d .
I f  t h e  e x p e r i m e n t a l  d a t a  on a  d i s c  h av in g  o n l y  one ty p e  
o f  i o n i c  c a r r i e r  i s  d e s c r i b e d  by curve® o f  l o g  Op v e r s u s  l o g  
f t ,  o n l y  one  l o g - l o g  t h e o r e t i c a l  c u rv e  f o r  knox<m ©on c e n t  r a t . * 
an d  m o b i l i t y  I s  r e q u i r e d  f o r  a n a l y s i s .  The e x p e r i m e n t a l  
c u r v e s  may b e  su p e r im p o se d  on t h i s  s t a n d a r d  c u rv e  by  s u i t ­
a b l e  h o r i z o n t a l  and v e r t i c a l  s h i f t s  w i th  t h e  a x e s  o f  t h e
5 3
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e x p e r i m e n t a l  c u r v e s  a lw a y s  p a r a l l e l  t o  t h e  c o r r e s p o n d i n g  
t h e o r e t i c a l  c u r v e  a x e s .  The d i s p l a c e m e n t s  i n  t h e  c o r r e s ­
p o n d i n g  a x e s  w i l l  g i v e  A l o g  f& and a  l o g  <3p0 * from which  
t h e  i o n i c  c o n s t a n t s  may h e  c a l c u l a t e d .
B a ta  fro® t h e  c o n d u c ta n c e  c u rv e s  may a l s o  h e  u s e d  f o r  
t h e  c a l c u l a t i o n s .  E i t h e r  s e m i - l o g  o r  l o g - l o g  p r e s e n t a t i o n  
and  a n a l y s i s  can  b e  employed In  a f a s h i o n  s i m i l a r  t o  t h a t  
u s e d  f o r  G^. However* b e c a u s e  o f  t h e  l a r g e  r a n g e  o f  
c o n d u c t a n c e  v a l u e s *  t h e  l o g - l o g  p r e s e n t a t i o n  i s  much more 
f e a s i b l e  t o  u s e .  By m a tc h in g  t h e  e x p e r i m e n t a l  l o g - l o g  
c u r v e  t o  a  s t a n d a r d  t h e o r e t i c a l  c u rv e  i n  t h e  same manner 
a s  t h e  l o g  Cp c u r v e s  a r e  m a tch ed ,  t h e  v a l u e s  o f  <dlog  
a n d  <Alog 1/Bp a r e  o b t a i n e d  from t h e  h o r i z o n t a l  and  
v e r t i c a l  s h i f t s  n e c e s s a r y .
I f  t h e  r e c t i f i e r  c h a r a c t e r i s t i c s  a r e  c a u sed  by  s e v e r a l  
g r o u p s  o f  i o n s  s e p a r a t e d  I n  m o b i l i t y *  and c o n s e q u e n t l y  d i s ­
p l a c e d  I n  p o s i t i o n  r e l a t i v e  t o  t h e  a x e s ,  t h e  t h e o r y  y i e l d s  
t h a t  t h e  e f f e c t i v e  p a r a l l e l  c a p a c i t a n c e  c o n t r i b u t i o n s  o f  
t h e  s e p a r a t e  g r o u p s  a r e  a d d i t i v e  a t  any f r e q u e n c y .  T h e re ­
f o r e *  a  c o m p o s i t e  c u rv e  may b e  c o n s t r u c t e d  g r a p h i c a l l y  f o r  
s e m i - l o g  p l o t s  b y  a d d i n g  t h e  o r d i n a t e s  o f  s i n g l e  c a r r i e r  
c u r v e s  s p a c e d  a c c o r d i n g  t o  t h e i r  m o b i l i t y  and c o n c e n t r a t i o n .  
U n f o r t u n a t e l y  t h e  n u m e r i c a l  v a l u e  o f  t h e  e f f e c t i v e  c a p a c i ­
t a n c e  c o n t r i b u t i o n  o f  a  s i n g l e  group  i s  a f f e c t e d  by  th e  
p r e s e n c e  o f  o t h e r  g ro u p s  a s  w i l l  b e  d i s c u s s e d  l a t e r .  The 
s h a p e s  o f  t h e  added  c u r v e s  a r e  n o t  changed* b u t  a l l  g r o u p s  
m us t  b e  c o n s i d e r e d  b e f o r e  e v a l u a t i n g  th e  c o n c e n t r a t i o n .
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t h e  s e m i - l o g  p r e s e n t a t i o n  may foe u s e d  f o r  a n a l y s i s  o f  
s e v e r a l  g r o u p s  o f  l o n e  foy s u b t r a c t i o n  o f  s i n g l e  c a r r i e r  
c u r v e s  from t h e  c o m p o s i te  e x p e r i m e n t a l  c u rv e  due to  many 
i o n  g r o u p s .  T h i s  y i e l d s  t h e  i n d i v i d u a l  c u r v e s  o f  t h e  s e p a ­
r a t e  i o n i c  g r o u p s  c o n t r i b u t i n g  to  t h e  e l e c t r i c a l  b e h a v i o r  
o f  t h e  r e c t i f i e r .
The c o n s t r u c t i o n  o f  co m p o s i te  c u r v e s  f o r  more th a n  one 
i o n i c  g ro u p  may a l s o  b e  a p p l i e d  to  l o g - l o g  p l o t s .  However, 
t h e  a n a l y s i s  h e r e  i s  more i n v o l v e d .  As t h e  l o g  c a p a c i t a n c e s  
a r e  n o t  s im p ly  a d d i t i v e  i t  i s  n o t  f e a s i b l e  t o  a n a l y s e  by sub­
t r a c t i o n  o f  s i n g l e  c a r r i e r  c u r v e s  a s  i n  t h e  s e m i - l o g  p r e s e n ­
t a t i o n .  I n s t e a d  I t  i s  n e c e s s a r y  t o  c o n s t r u c t  many l o g - l o g  
t e m p l a t e s  o f  t h e o r e t i c a l  m u l t i p l e  c a r r i e r  c u r v e s  w i t h  s y s t e ­
m a t i c  v a r i a t i o n s  i n  m o b i l i t y  and c o n c e n t r a t i o n  f o r  d i r e c t  
c o m p a r i s o n  w i t h  e x p e r i m e n t a l  c u r v e s .  Onoe t h e s e  t o o l s  a r e  
c o n s t r u c t e d ,  t h i s  i s  t h e  m ost  r a p i d  method f o r  o b t a i n i n g  
d a t a  from a  l a r g e  number o f  c u r v e s .  However,  f o r  t h e  p u r ­
p o s e  o f  t h i s  p a p e r ,  i t  w i l l  b e  s i m p l e r  t o  u s e  t h e  s e m i - lo g  
m e thod  o f  a n a l y s i s .
I n  o r d e r  t o  u s e  t h e  s e m i - l o g  method o f  a n a l y s i s  sys tem ­
a t i c a l l y ,  t h e  h i g h e s t  m o b i l i t y  g ro u p  s h o u ld  f i r s t  be 
s u b t r a c t e d  from t h e  e x p e r i m e n t a l  c u r v e .  The b e s t  f i t  o f  
one  o f  t h e  f a m i l y  o f  s t a n d a r d  c u r v e s  sh o u ld  b© made on a  
s m a l l  p o r t i o n  o f  t h e  e x p e r i m e n t a l  cu rv e  on th e  ex t rem e  
r i g h t  s i d e .  When t h i s  f i t  i s  o b t a i n e d ,  t h e  e x p e r i m e n t a l  
c u r v e  s h o u ld  a lw a y s  l i e  above th e  t h e o r e t i c a l .  The th e o ­
r e t i c a l  c u rv e  I s  t h e n  s u b t r a c t e d  from th© e x p e r i m e n t a l ,
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and  t h e  p r o c e s s  I s  r e p e a t e d  f o r  t h e  n e x t  lo w e r  g ro u p  on 
t h e  r e s u l t i n g  r e m a in d e r  o f  t h e  e x p e r i m e n t a l  c u r v e .  How­
e v e r ,  i f  a  good f i t  o a n n o t  h e  o b t a i n e d  f o r  t h e  r e m a i n d e r ,  
t h e  f i r s t  a n a l y s i s  i s  r e p e a t e d ,  u s i n g  e i t h e r  s l i g h t  s h i f t s  
i n  t h e  h o r i z o n t a l  d i s p l a c e m e n t ,  o r  a  c l o s e l y  n e i g h b o r i n g  
c u r v e  i n  t h e  f a m i l y .  T h i s  p r o c e s s  o f  s u b t r a c t i o n  i s  r e p e a t ­
ed  s u c c e s s i v e l y  u n t i l  t h e  l a s t  r e m a in d e r  o f  t h e  e x p e r i m e n t a l  
c u r v e  f i t s  one o f  t h e  t h e o r e t i c a l  c u r v e s ,
F i g u r e  21 shows t h e  s t a n d a r d  f a m i l y  o f  t h e o r e t i c a l  
c u r v e s  ( r e p r o d u c e d  a t  h a l f  s c a l e )  u s e d  i n  th e  a n a l y s i s  f o r  
t h i s  p a p e r  and  F i g ,  22 i s  an i l l u s t r a t i o n  o f  t h e i r  u s e .  I n  
t h i s  f i g u r e ,  t h e  h i g h e s t  s o l i d  l i n e  c u r v e  i s  t h e  e x p e r i m e n t a l  
c u r v e  o b t a i n e d  from b r i d g e  m easu rem en ts  on d i s c  99 a t  - 1 ? . 6 ° C .  
The s o l i d  l i n e  marked "High* was t h e  f i r s t  i o n i c  g roup  
c a p a c i t a n c e  t o  b e  s u b t r a c t e d .  The r e m a in d e r  i s  i n d i c a t e d  
b y  t h e  c u rv e  formed b y  t h e  c r o s s e s .  The s o l i d  l i n e  cu rv e  
m arked  "Medium* was t h e  n e x t  t h e o r e t i c a l  cu rv e  t o  be  sub­
t r a c t e d ,  g i v i n g  t h e  r e m a i n i n g  cu rv e  formed b y  t h e  c i r c l e s .  
T h i s  r e m a i n d e r  c o i n c i d e s  w i th  t h e  s o l i d  l i n e  t h e o r e t i c a l  
c u r v e  marked "Low." From t h e s e  t h r e e  t h e o r e t i c a l  c u r v e s ,  
t h e  z e r o  c a p a c i t a n c e ,  0pO and th e  h o r i z o n t a l  s h i f t  A  lo g  ffe" 
a r e  o b t a i n e d  f o r  each o f  t h e  i o n i c  g r o u p s  a s  shown i n  F ig .  22 .
For  t h e  c a l c u l a t i o n s  o f  th® I o n i c  c o n s t a n t s  i t  i s  a l s o  
n e c e s s a r y  t o  know th© v e r t i c a l  s h i f t  i n  t h e  co n d u c tan c e  
c u r v e  fro® t h e  s t a n d a r d  f o r  a t  l e a s t  one o f  t h e  I o n i c  g r o u p s .  
F o r t u n a t e l y  t h e  v a l u e  o f  1/Bp o v e r  most o f  t h e  h i g h e r  f r e ­
q u en c y  r a n g e  i s  d e t e r m in e d  a l m o s t  e n t i r e l y  by t h e  h i g h e s t
Fig. 
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m o b i l i t y  g ro u p  p r e s e n t .  T h i s  means t h a t  t h e  h i g h  f r e q u e n c y  
end o f  t h e  c o n d u c t a n c e  c u r v e  i s  r e l a t i v e l y  u n a f f e c t e d  by 
t h e  p r e s e n c e  o f  t h e  lo w e r  m o b i l i t y  g ro u p s  and t h e r e f o r e  
c l o s e l y  r e s e m b l e s  a  s i n g l e  c a r r i e r  c u rv e  which can b e  match­
ed  an d  i n t e r p r e t e d  s im p ly  i n  t e rm s  o f  t h e  h o r i z o n t a l  and 
v e r t i c a l  s h i f t s  n e c e s s a r y .
The v e r t i c a l  s h i f t ,  o r  more p r e c i s e l y  t h e  v a l u e  o f  
l /® p  on th© e x p e r i m e n t a l  c u r v e  which  c o i n c i d e s  w i t h  t h e  
u n i t  o r d i n a t e  on t h e  t h e o r e t i c a l  c u rv e  and w hich  w i l l  be 
c a l l e d  may th e n  be  o b t a i n e d  by  m a tc h in g  t h e  h i g h e r
f r e q u e n c y  end o f  t h e  e x p e r i m e n t a l  c u rv e  t o  t h e  c o r r e s p o n d ­
i n g  end o f  t h e  s t a n d a r d  t h e o r e t i c a l  c u r v e s .  The s u b s c r i p t  
*1* r e f e r s  t o  t h e  h i g h e s t  m o b i l i t y  g r o u p .  Th© s h i f t  i n  t h e  
h o r i z o n t a l  a x i s  s h o u ld  b e  t h e  same a s  o b t a i n e d  by  t h e  semi­
l o g  c a p a c i t a n c e  m a tch e s  f o r  t h e  c o r r e s p o n d i n g  h i g h  f r e q u e n c y  
g r o u p .
Redueed d a t a  o f  t h i s  n a t u r e  h a v e  b ee n  o b t a i n e d  from th e  
c u r v e s  o f  t h e  t e m p e r a t u r e  f a m i l y  ( D i s c  9 9 ) ,  and t h e  fo rm ing  
f a m i l y  (D iec  133) a t  - 1 ? , 5 ° 0 .  The d a t a  a r e  r e c o r d e d  In  
T a b l e  I I .
I n  t h i s  t a b l e ,  t h e  s u b s c r i p t  d e n o t e s  e x p e r i m e n t a l  
d a t a ,  t h e  s u b s c r i p t  W1 B (w here  I  z  1 , 2 , 3 )  r e p r e s e n t s  t h e  
o r d e r  o f  t h e  m o b i l i t y  g ro u p  where ’’I** r e f e r s  t o  t h e  h i g h e s t ,  
and  t h e  s u b s c r i p t  ^o* r e p r e s e n t s  t h e  z e ro  f r e q u e n c y  v a l u e .
6 0
"T ab le  I I  
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v i  go: elation  with  thechx*
The t h e o r y  o f  a t t e m p t s  t o  e x p l a i n  t h e  f r e q u e n c y
d e p e n d e n c e  o f  c o n d u c ta n c e  and  c a p a c i t a n c e  i n  s e m ic o n d u c to r s  
by  t h e  a s s u m p t io n  t h a t  an i o n i c  component i s  a c t i v e  i n  a d d i t i o n  
t o  t h e  e l e c t r o n i c  component s t u d i e d  by o t h e r  t h e o r e t i c i a n s .
U nder  t h i s  a s s u m p t i o n  t h e  s e m ic o n d u c to r  i s  c h a r a c t e r i s e d  by 
t h e  numbers  and m o b i l i t i e s  o f  c a r r i e r s  which  a r e  p r e s e n t  and 
i t  becom es t h e  e s s e n t i a l  t a s k  t o  d e t e r m i n e  t h e s e  numbers  and 
m o b i l i t i e s  from t h e  o b s e rv e d  d a t a .
I n  i t s  o r i g i n a l  form t h e  t h e o r y  was b a s e d  on t h e  c o n c e p t^ 0 
t h a t  t h e  i o n s  —  o f  w hich  t h e r e  m igh t  b e  s e v e r a l  g r o u p © - d i s t i n ­
g u i s h e d  by d i f f e r e n t  m o b i l i t i e s  —  can n o t  c a r r y  a  c o n v e c t io n  
c u r r e n t  th r o u g h  t h e  b o u n d a r i e s .  The medium I s  t h e n  c a l l e d  com­
p l e t e l y  " p o l a r i s e d . H In  a l a t e r  d ev e lo p m en t  t h i s  a s s u m p t io n  
was m o d i f i e d ,  and a  f i n i t e  r a t e  o f  d i s c h a r g e  o f  t h e  i o n s  was 
I n t r o d u c e d .  T h i s  g e n e r a l i z a t i o n  m o d i f i e s  t h e  r e s u l t s  c o n s id ­
e r a b l y  i f  t h e  r a t e  o f  d i s c h a r g e  becomes s i z e a b l e .  H o w ever  a  
c o m p a r iso n  o f  t h e  e x p e r i m e n t a l  c u rv e s  f o r  t h e  f r e q u e n c y  depen­
d e n c e  o f  c o n d u c ta n c e  w i th  t h e  t h e o r e t i c a l  one shows c o n c l u s i v e l y  
t h a t  t h e  r a t e  o f  d i s c h a r g e ,  a t  l e a s t  a t  se.l enium- c a d i  mum e l e c ­
t r o d e s  w i t h  z e r o  b i a s ,  i s  s u f f i c i e n t l y  low so t h a t  i t  i s  n o t
* T h i s  e n t i r e  c h a p t e r  i s  b a s e d  on a p r i v a t e  communique from 
G. J a f f e 1.
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The r a t e - d e t e r m i n i n g  f a c t o r *  U nder  thee© c i r c u m s t a n c e s ,  th©
r e s u l t s  b e c o m e  I d e n t i c a l  w i t h  t h o s e  o f  t h e  o r i g i n a l  t h e o r y *
T h e r e f o r e ,  I t  I s  n e c e s s a r y  t o  s t a t e  h e r e  o n l y  th© fo r m u la ©
f o r  t h e  l i m i t i n g  o a s e  w here  t h e  d i s c h a r g e  o f  t h e  i o n s  a t  t h e
e l e c t r o d e s  i s  p r o h i b i t e d  by t h e  b o u n d a ry  c o n d i t i o n s *
L e t  t h e r e  b e  p r e s e n t  i n  t h e  s e m ic o n d u c to r  v a r i o u s  g ro u p s
o f  i o n s  d i s t i n g u i s h e d  by  t h e  s u b s c r i p t  1 ,  b u t  a l l  c a r r y i n g
t h e  same c h a r g e  £ .  F u r th e r m o r e ,  l e t  b e  t h e  c o n c e n t r a t i o n  
t ho f  t h e  i  g r o u p ,  (number p e r  c c ) , b^ t h e i r  m o b i l i t y  and 
t h e i r  d i f f u s l v i t y *  Then t h e  f i n a l  r e s u l t  o f  t h e  t h e o r y  can 
b e  e x p r e s s e d  i n  t h e  form t h a t  t h e  e q u i v a l e n t  p a r a l l e l  conduc­
t a n c e ,  ( 1 / R ) ,  and  c a p a o i t a n c e  0, b o t h  i n  esu  p e r  u n i t  a r e a  o f  
a  p l a n e  l a y e r  a t  any  f r e q u e n c y  a r e  g iv e n  by*
w h e re  Gj and Gp a r e  known f u n c t i o n s ,  £ I s  t h e  c h a rg e  on t h e  
e l e c t r o n  and n « t h e  t o t a l  number o f  s e p a r a t e  I o n i c  groups*
( 1 )
i -  I
(S )
The i ^  te rm  o f  e a c h  sum r e p r e s e n t s  t h e  c o n t r i b u t i o n  t o  t h e
thc o n d u c ta n c e  o r  c a p a c i t a n c e  f o r  t h e  1 group o f  I o n s .
♦Compare:  F i n a l  R e p o r t 1® Eqs.  ( 3 8 ) ,  ( 9 5 ) ,  ( 9 6 ) ,  (103 and
r e m a r k s  f o l l o w i n g  1 0 3 ) .
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Sets, ( i )  an(* (g)  a r e  d e r i v e d  u n d e r  t h e  a s s u m p t io n  t h a t  
t h e  e l e c t r i c  f i e l d  i n  t h e  n e ig h b o rh o o d  o f  an e l e c t r o d e  i s  
e x p o n e n t i a l ,  e . g .  f o r  t h e  e l e c t r o d e  n e a r  x a o
T h i s  e q u a t i o n  s e r v e s  t o  d e f i n e  <*.
The d i m e n s i o n l e s s  v a r i a b l e s  ^  a n d / 3  a r e  d e f i n e d  by
w h ere  f  i s  f r e q u e n c y ,  and d s t a n d s  f o r  t h e  t h i c k n e s s  o f  
t h e  d e p l e t i o n  l a y e r ,  w h ich  i s  v a r i a b l e  w i t h  f  and s t i l l  
r e m a i n s  t o  b e  d e t e r m i n e d .  T h i s  can b e  done by  u s e  o f  s u i t ­
a b l e  b o u n d a ry  c o n d i t i o n s  a t  x -  d ( F i n a l  B ep o r t^® , Eqs, (99) 
t o  ( 1 0 1 ) ) .  Then ,3 beoomes a known f u n c t i o n  o f  A which can 
b e  e v a l u a t e d  b y  g r a p h i c a l  m e th o d s .
By t h e s e  p r o c e d u r e s  t h e  t h e o r e t i c a l  f u n c t i o n s  Gg//3 
and  have  b ee n  c a l c u l a t e d  and t a b u l a t e d  a s  f u n c t i o n s  o f  
t h e  f r e q u e n c y  f* f o r  a  s e t  o f  s t a n d a r d  c o n d i t i o n s ,  ^hen 
t h e  f r e q u e n c y  e q u a l s  0 ,  = 0 f o r  any 1 and trj ( ^ , / 3  ) = ! •
T h e r e f o r e ,  e a ch  o f  th© c o n t r i b u t i n g  c a p a c i t a n c e s  o f  
e q u a t i o n  (2) w i l l  b e  a t  i t s  z e ro  f r e q u e n c y  v a l u e  which  may
E * E0 e“ °<x (3)
(4)
and / 3  = 2 d <x ( 5 )
F i n a l l y
( 6 )
6 4
b e  d e s i g n a t e d  a© T h i s  v a l u e  may t h e n  h e  I d e n t i f i e d
w i t h  th© r e m a i n i n g  c o n s ta n t©  o f  t h e  t e rm ,  and
*ioolrt s  i . h h  (?)<* Dj.
The t o t a l  c a p a c i t a n c e ,  0 ,  w i l l  a l s o  have  i t©  a e ro  fre** 
quenoy  v a l u e ,  0 , w hich  from e q u a t i o n  (2 )  a t  A, = 0 give©
 ̂ n . 1
° o - f  ° So *K  i 0  ^  frf ( 8 )
The c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e s  o f  0i o  may he  
o b t a i n e d  fro® Cp i o  o f  t a b l e  IX b y  c o n v e r t i n g  t h e s e  v a l u e s  
t o  e s u  and t o  u n i t  a rea *  T h e r e f o r e ,  t h e  c o n s t a n t s  G^Q and 
0o a r e  d e t e r m i n e d  fro® e x p e r i m e n t .
E q u a t i o n  (2)  d o e s  n o t  y i e l d  I o n i c  c o n s t a n t s  a s  r e a d i l y  
a s  Eq. ( 1 ) ,  s i n c e  d o es  n o t  n e c e s s a r i l y  e q u a l
any  hnown c o n s t a n t  f o r  a l l  g ro u p s  a t  t h e  same f r e q u e n c y .  How- 
e v e r ,  i n  o u r  c a s e ,  t h e  f a c t o r  h ^ c ^  m u l t i p l y i n g  ea c h  te rm  o f  
G-g w ould  c a u s e  t h o s e  t e rm s  r e p r e s e n t i n g  th© lo w e r  m o b i l i t y  
g r o u p s  t o  b e  s m a l l  compared t o  t h e  te rm  r e p r e s e n t i n g  t h e  h i g h ­
e s t  m o b i l i t y  g r o u p .  T h is  assum es  a  s u f f i c i e n t  s e p a r a t i o n  i n  
m o b i l i t y  and t h a t  th© m a g n i tu d e  o f  c o n c e n t r a t i o n  In  t h e  lo w e r  
m o b i l i t y  g ro u p s  i s  n o t  to o  h i g h  r e l a t i v e  t o  t h a t  o f  t h e  h i g h e r
g r o u p .  Only t h e  h i g h e s t  m o b i l i t y  te rm  w i l l  b e  c o n s i d e r e d  here*
G  0 (  >  ,  ,/3 5
The f u n c t i o n  — £,.-..1. ...I  ,.L-  p l o t t e d  l o g a r l t h i m i c a l l y  c r o s s e s
r< f j. $ \
t h e  o r d i n a t e  a e r o  and c o n s e q u e n t l y  __ i  i s  e q u a l  t o
one a t  t h i s  p o i n t  which s h a l l  oe d e s i g n a t e d  as  t h e  z e ro  p o i n t
on t h e  l o g  c u r v e .  Now i f  t h i s  l o g  c u rv e  o f  G0 i s  m o d i f ie d  by
i t s  f a c t o r  i n  e q u a t i o n  ( 2 ) ,  I . e .  S tx b ^ c ^ ,  th© r e s u l t i n g  l o g
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c u r v e  w i l l  b e  s h i f t e d  v e r t i c a l l y  a  d i s t a n c e  e q u a l  t o  t h e  lo g  
o f  t h e  p r o d u c t  o f  t h e s e  c o n s t a n t s .  T h i s  d i s c u s s i o n  a p p l i e s  
t o  o n l y  one c o n t r i b u t i n g  g roup  a t  a  t i m e .  T h e r e f o r e ,  i f  a  
Gv> l o g  c u rv e  i s  su p e r im p o s e d  on t h i s  m o d i f i e d  c u rv e  t h e  ze ro  
p o i n t  o f  t h e  Gg c u r v e  s h o u ld  f a l l  on an o r d i n a t e  e q u a l  t o  
t h e  l o g  (2 £ * b^  o^) o r  l o g  P ^ .  T h i s  i s  e x a c t l y  what  h a s  b een  
done  i n  t h e  r e d u c t i o n  o f  d a t a  t o  o b t a i n  from t h e  e x p e r i ­
m e n t a l  d a t a  w here  t h e  s u b s c r i p t  1 r e f e r s  t o  t h e  h i g h e s t  
m o b i l i t y  g ro u p  and where  t h i s  g roup  was assumed t o  b e  t h e
o n l y  c o n t r i b u t o r  t o  t h e  l o g - ^ o g  1/B~ c u r v e .  In  o r d e r  t o
P
i d e n t i f y  t h e  e x p e r i m e n t a l  v a l u e  Pp^ w i t h  P ^ ,  i t  I s  n e c e s s a r y  
t o  r e d u c e  P ^ t o  u n i t  a r e a  and t o  e s u .  T h i s  d e t e r m i n e s  an­
o t h e r  c o n s t a n t  e x p e r i m e n t a l l y  r e p r e s e n t e d  by t h e  e q u a t i o n
* 2 ®<£b^o^ (9)
I n  o r d e r  t o  o b t a i n  th© i o n i c  c o n s t a n t s  c^ ,  b ^ , from 
t h e  e x p e r i m e n t a l  v a l u e s ,  some a s s u m p t io n  r e g a r d i n g  t h e  v a l u e  
o f  e< h a s  t o  b e  made.
In  th© o r i g i n a l  t h e o r y  t h e  v a l u e
*  u o )
was t a k e n  o v e r  from th e  do c a s e  ( F i n a l  R e p o r t ‘d  Eq. ( 1 0 3 ) . )
The s u b s c r i p t  i s  u s e d  h e r e  t o  d e n o t e  a p a r t i c u l a r  group
t o  a v o i d  c o n f u s i o n  w i th  t h e  s u b s c r i p t  Hi M u n d e r  th© summation. 
T h i s  e x p r e s s i o n  c o n t a i n s  b j  and  Dj which  m igh t  make a p p e a r  
t o  be  d e p e n d e n t  on th e  m o b i l i t y  o r  d i f f u s i v i t y  o f  d i f f e r e n t  
g r o u p s ,  b u t  i f  t h e  v a l i d i t y  o f  t h e  Townsend r e l a t i o n
k j  _ £. , ,  „ v
*TJ] F T  {11)
I s  assumed* ,<* w i l l  depend  o n l y  upon t h e  d i s t r i b u t i o n  o f  
c o n c e n t r a t i o n s  and t h e  t e m p e r a t u r e .  Then e q u a t i o n  (6)  
becomes
w h e re  A j ,  .and  b j  r e f e r  t o  t h e  g r o u p ,  b u t  i s  t h e
sum o v e r  a l l  g r o u p s  p r e s e n t  and  i s  n o t  a  f u n c t i o n  o f  1*
T h i s  a l s o  I m p l i e s  t h a t  f o r  one I o n i c  group  I s  a f f e c t e d
b y  t h e  c o n c e n t r a t i o n  o f  a l l  o t h e r  I o n i c  g ro u p s  w hich  a r e  
p r e s e n t .
I f  t h e  l o g  o f  t h e  c a p a c i t a n c e  o f  t h e  s t a n d a r d  s i n g l e  
I o n i c  g ro u p ,  h a v i n g  m o b i l i t y  b* and c o n c e n t r a t i o n  c* i s  
p l o t t e d  a g a i n s t  t h e  l o g  o f  t h e  s q u a re  r o o t  o f  f r e q u e n c y ,  
t h e  c u r v e  w i l l  b e  s h i f t e d  h o r i z o n t a l l y  w i t h  r e s p e c t  t o  a 
s i m i l a r  c u rv e  o f  t h e  Gg f u n c t i o n  which  i s  p l o t t e d  a g a i n s t  
l o g  f i  a s  a b c i s s a .  The amount o f  t h e  s h i f t  a s  s e en  from 
e q u a t i o n  (12)  I s  e q u a l  t o
n /  K*___________
g ( a £  c* /
t* hS i m i l a r l y ,  i f  t h e  c u rv e  f o r  t h e  * group  o f  i o n s  sub­
t r a c t e d  o u t  o f  a c o n g l o m e r a t i o n  o f  d i f f e r e n t  m o b i l i t y  i o n s  
i s  p l o t t e d  a g a i n s t  l o g  s q u a r e  r o o t  o f  f r e q u e n c y  on t h e
♦ I n s t e a d  o f  t h e  e l e c t r o n i c  c h a r g e ,  t  , S t e a r n  and S y r i n g ^  
u s e d  an e f f e c t i v e  ch a rg e  * i n  t h i s  r e l a t i o n .  A lthough  
t h e i r  m e asu rem en ts  were  t a k e n  on d i f f e r e n t  m a t e r i a l s  u n d e r  
much d i f f e r e n t  c o n d i t i o n s ,  t h e y  found  £ t o  be  w i t h i n  4% o f  
u n i t y  f o r  some m e t a l s  and f a r  from u n i t y  f o r  o t h e r s .  How­
e v e r ,  t h e  p r o p o r t i o n  s t i l l  r e m a in s .
6?
h o r i z o n t a l  s c a l e ,  i t s  s h i f t  from t h e  Qp f u n c t i o n  w ould  b e
l o g  f -J£—  -— —  \  i  
U  * b j S o i  y
T h i s  would mean t h a t  t h e  s h i f t  b e tw e en  t h e  group 
an d  t h e  s t a n d a r d  g roup  would b e  t h e  d i f f e r e n c e  I n  t h e  two 
s h i f t s .  I f  l o g  a j  r e p r e s e n t s  t h e  s h i f t  o f  t h e  s t a n d a r d  
c u r v e  s u b t r a c t e d  from t h e  J**1 c u r v e ,  t h e n
l o g  a ,  = l o g  (JU L . «  Xos / J L -  _ J   (13)
B 1 I  8 ,-. b*o* j  x° s  \ 8  £ b j  £  O, /
T h i s  would  y i e l d  on s i m p l i f i c a t i o n
b j s ° i =  a !  • ( 1 4 >
F o r  t h e  s t a n d a r d  g ro u p ,  w h ich  h a s  b e e n  u s e d  I n  t h e  c a l e u l a -  
t l o n e
= 2 .2 6  X 1014 (15)
(The v a l u e  o f  b # ,  c* and K* a r e  chosen  so a s  t o  y i e l d  a  com­
p a r i s o n  cu rv e  w h ich  I s  n o t  to o  d i f f e r e n t  i n  p o s i t i o n  from 
t h e  e x p e r i m e n t a l  c u r v e s  on t h e  l o g - l o g  p l o t . )
Then i s  o b t a i n e d
b j  ^  ° i  s  2 -26  x 1014 a j  ( 1 6 *
The h o r i z o n t a l  s h i f t  A l o g  f® o b t a i n e d  from t h e  r e d u c t i o n  
o f  e x p e r i m e n t a l  d a t a  i s  t o  b e  I d e n t i f i e d  w i th  lo g  a j .
Combining e q u a t i o n s  ( 7 ) ,  ( 8 ) ,  ( 1 0 ) ,  and (11) y i e l d s
o<= £  Co i  (17)
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w h ic h  d e t e r m i n e s  <x from t h e  e x p e r i m e n t a l  v a l u e s  r e d u c e d ,  
a s  e x p l a i n e d  a b o v e ,  and w i t h  t h e  d i e l e c t r i c  c o n s t a n t ,  IC 
o f  s e l e n iu m  t a h e n  a s  ©.$*
The r e a r r a n g e m e n t  o f  e q u a t i o n s  (7)  g i v e s
Oj = — ( 18)
J
an d  by  t h e  u s e  o f  t h e  Townsend r e l a t i o n  ( e q u a t i o n  (11) )
Cj becomes
Cj * (10)
T h i s  e q u a t i o n  t h e n  s e r v e s  t o  d e t e r m i n e  Oj from t h e  e x p e r ­
i m e n t a l  d a t a .  F i n a l l y  t h e  b^ can  b e  d e t e r m i n e d  from equa­
t i o n  (16)  and  t h e  Dj from e q u a t i o n  ( 1 1 ) .  For  e a s e  o f  c a l ­
c u l a t i o n  t h e  f o l l o w i n g  r a t i o s  may b e  o b t a i n e d  from e q u a t i o n s  
(1 6 )  an d  (19)




c 4 G . C ,-JL z (21)
° J  ° o 3 CPOJ
w h ere  t h e  1 and  j  r e f e r  t o  s e p a r a t e  g ro u p s  o f  i o n s  which  
a r e  p r e s e n t  a t  t h e  same t i m e  i n  a  c o n g lo m e r a t io n  o f  g ro u p s  
a t  one  t e m p e r a t u r e .
So f a r  t h e  Knowledge o f  P h a s  n o t  been  made u s e  o f .  As 
a m a t t e r  o f  f a c t  Eqs .  ( 1 1 ) ,  ( I S ) ,  and (19)  a l r e a d y  d e t e r m in e
2 t  Ol
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a l l  i o n i c  c o n s t  ant; s .  However,  r e a r r a n g e m e n t  o f  Eq. , (9)
<2 2 )
T h i s  r e l a t i o n  may b e  u s e d  a s  an i n d e p e n d e n t  method o f  
d e t e r m i n i n g  t h e  p r o d u c t  b ^ o ^ ,  b u t  b^  may a l s o  b e  d e t e r m i n e d ,  
u s i n g  t h e  p r e v i o u s l y  d e t e r m i n e d  v a l u e  o f  c^ .  Then t h i s  
e q u a t i o n  may s e r v e  t o  check  t h e  v a l u e s  o f  b ^ ,  p r e v i o u s l y  
o b t a i n e d .
A summary o f  t h e  n e c e s s a r y  fo rm u la e  f o r  t h e  c a l c u l a t i o n  
o f  t h e  i o n i c  c o n s t a n t s  and  t h e  r e l a t i o n s h i p  be tw een  t h e  ex­
p e r i m e n t a l  a n d  t h e o r e t i c a l  v a l u e s  a r e  p r e s e n t e d  n e a r  t h e  
end  o f  t h i s  c h a p t e r  w i t h  t h e  v a l u e s  o f  t h e  p h y s i c a l  c o n s t a n t s  
u s e d  i n  t h e  c a l c u l a t i o n s .
From t h e  o b s e r v a t i o n s  on d i s c  99 and  d i s c  133 ,  t h e  
i o n i c  c o n s t a n t s  h a v e  b e e n  c a l c u l a t e d  i n  t h e  above manner 
an d  h a v e  b e e n  t a b u l a t e d  i n  T a b le  X I I .  The v a l u e s  o f  b^ p r e ­
s e n t e d  h e r e  h a v e  b e e n  c o n v e r t e d  t o  p r a c t i c a l  u n i t s  by d i v i d ­
i n g  b y  300.
An i n s p e c t i o n  o f  T a b le  I I I  shows t h a t  t h e  r e s u l t s  r e g a r d ­
i n g  t h e  b e h a v i o r  o f  t h e  m o b i l i t i e s ,  w i t h  e i t h e r  l o w e r in g  t h e  
t e m p e r a t u r e  o r  c o n t i n u i n g  t h e  f o r m a t io n ,  a r e  u n a c c e p t a b l e .  
T a b l e  I I I  A i n d i c a t e s  t h a t  t h e  m o b i l i t i e s  do n o t  d e c r e a s e  
s u f f i c i e n t l y  w i t h  lo w e r in g  t h e  t e m p e r a t u r e ,  which  I s  i n  con­
t r a d i c t i o n  w i t h  a l l  t h a t  i s  known r e g a r d i n g  th e  t e m p e r a t u r e  
d e p e n d e n c e  o f  m o b i l i t i e s .  F u r th e rm o re  T a b le  I I I  B i n d i c a t e s
?0
su c h  a  s t r o n g  I n c r e a s e  o f  t h e  m o b i l i t i e s  w i th  c o n t i n u e d  
f o r m a t i o n  t h a t  t h e  r e s u l t  must b e  c o n s i d e r e d  e x t r e m e l y  
i m p r o b a b l e .  A lso  d i s t u r b i n g  i s  t h e  co m par ison  o f  b^  e a l -  
c u l a t e d  from  t h e  c a p a c i t a n c e  d a t a  (Eq .  ( 1 9 ) )  and t h a t  o a l -  
c u l a t e d  from t h e  c o n d u c ta n c e  d a t a  {Eq. ( 22 ) ) *  Eor  t h e  
t e m p e r a t u r e  c a s e ,  t h e  d i f f e r e n c e  i s  a l m o s t  an o r d e r  o f  
m a g n i t u d e .  T h e re  i s  some ag ree m en t  b e tw een  t h e s e  two c a l ­
c u l a t e d  v a l u e s  o f  b ^  f o r  d i s c  133 a f t e r  t h e  f i r s t  fo rm in g .  
T h e se  u n s a t i s f a c t o r y  r e s u l t s  a r e  e s s e n t i a l l y  ca u sed  by t h e  
d e p e n d e n c e  o f  «c on c o n c e n t r a t i o n  (and  t o  a  m inor  d e g r e e  
on  t e m p e r a t u r e )  i n v o l v e d  i n  Eq. ( 1 0 ) .  Now t h i s  e q u a t i o n  
i s  b y  no means a  r i g o r o u s  co n seq u en ce  o f  t h e  t h e o r e t i c a l  
f o u n d a t i o n s  u n d e r l y i n g  E q s .  (1 )  and ( 2 ) .
As s t a t e d  a l r e a d y ,  Eq. (10)  i s  t a h e n  o v e r  from t h e  do
e a s e ,  and even  t h e r e  i t  h o l d s  r i g o r o u s l y  o n ly  i n  t h e  l i m i t ­
i n g  c a s e  w here  t h e  r e d u c e d  l a y e r  d i s t a n c e ,  /3  , i s  a  l a r g e  
num ber  ( > 1 4 ) ,  w h ich  i s  n o t  t h e  c a s e  f o r  t h e  s e m ic o n d u c to r s  
h e r e  s t u d i e d  ( /3  v a r i e s  from a b o u t  one to  s i x  i n  t h e  I m p o r t a n t  
d o m a i n ) .  T h e r e f o r e ,  i t  i s  n o t  a s t o n i s h i n g  t o  see  Eq. (10) 
f a i l  i n  t h e  p r e s e n t  a n a l y s i s .  On t h e  o t h e r  h an d ,  t h i s  con­
c l u s i o n  must b e  c o n s i d e r e d  an i m p o r t a n t  co n seq u en ce  o f  t h e  
e x p e r i m e n t a l  i n v e s t i g a t i o n .
I n  o r d e r  t o  Improve t h e  d e t e r m i n a t i o n  o f  t h e  i o n i c  con­
s t a n t ,  J a f f a 1 h a s  s u g g e s t e d  t h a t  t h e  form ( 3 ) ,  b e  m a in t a in e d
f o r  t h e  f i e l d  b u t  t h a t  <* b e  t r e a t e d  t o  a f i r s t  a p p r o x im a t io n
a s  a c o n s t a n t ,  i n d e p e n d e n t  o f  c o n c e n t r a t i o n  and t e m p e r a t u r e ,
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an d  t o  b e  d e t e r m i n e d  from t h e  e x p e r i m e n t a l  d a t a .  T h i s  
t e n t a t i v e  s u g g e s t i o n  l e a d s  t o  t h e  f o l l o w i n g  d e t e r m i n a t i o n s .
S in c e  one  o f  t h e  e q u a t i o n s  p r e v i o u s l y  u s e d  (nam e ly  ( 1 0 ) )  
i s  g i v e n  u p ,  t h e  number o f  a v a i l a b l e  I n d e p e n d e n t  e q u a t i o n s  
becom es  i n s u f f i c i e n t  t o  d e t e r m i n e  a l l  unknowns. One o f  them 
h a s  t o  b e  as sum ed ;  i n  t h e  f o l l o w i n g  c a l c u l a t i o n s  °CIs assumed
t o  b e  known ( s e e  b e l o w ) . Then t h e  o t h e r  unknowns can b©
c a l c u l a t e d  from t h e  fo rm u la e  r e p r o d u c e d  h e r e
° J  * ° 0 j  <1 9 >
p
b .  » ----- 1—  (9)
x 2 * £  Cj
a
b  « * b'i——«-*<*» t
J 1 a 2 (20)
1
b .  k  T
Dj= - L —  (11)
I n  e q u a t i o n  (2 0 )  t h e  v a l u e s  o f  a^ and  must b e  o b t a i n e d  
f rom m easu rem en ts  b a s e d  on t h e  same f r e q u e n c y  r u n .
I n  c h o o s in g  a  s u i t a b l e  v a l u e  o f  , I t  seems r e a s o n a b l e  
t o  b e  g u id e d  by  t h e  r e s u l t s  o f  t h e  f i r s t  method o f  c a l c u l a ­
t i o n ,  s i n c e  i t  s h o u ld  become c o r r e c t  a s y m p t o t i c a l l y  f o r  
l a r g e  v a l u e s  o f  /3 . I t  w i l l  b e  seen  from T ab le  I I I  A t h a t  \  
c h a n g e s  c o m p a r a t i v e l y  l i t t l e  w i t h  t e m p e r a t u r e  even I f  t h e  
v a l i d i t y  o f  Eq. (10)  i s  assum ed .  As a  f i r s t  a p p r o x im a t io n ,  
t h e  a v e r a g e  v a l u e  o f  <x , I . e .  of a 1 .1 3  x 10®, h a s  b een  u sed
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i n  t h e  f o l l o w i n g  c a l c u l a t i o n s .  I f  t h i s  v a l u e  would b e  
ch an g ed  t o  e<# T,<l(0 » a l l  c o n c e n t r a t i o n s  would change b y  t h e  
f a c t o r  y  and a l l  m o b i l i t i e s  b y y  Thus t h e  r e l a t i v e
v a l u e s  o f  and  b ^ ,  and t h e  t e m p e r a t u r e  c o e f f i c i e n t s  o f  
t h e  b^  a r e  n o t  a f f o o t e d  by  t h e  c h o i c e  o f  u n d e r  t h e  p r e s -
e n t  a s s u m p t io n  ( i . e .  *  0 and jst« ■ 0 ) .
The r e s u l t s  o f  t h e  c a l c u l a t i o n s  r e g a r d i n g  d i s c  99 a r e
t a b u l a t e d  i n  T a b l e  IV-A. I t  w i l l  b e  s e en  t h a t  a l l  m o b i l ­
i t i e s  now d e c r e a s e  s t r o n g l y  w i t h  d e c r e a s i n g  te m p e r a tu r e *
I f  t h e  u s u a l  t e m p e r a t u r e  dep e n d en ce  o f  i o n i c  m o b i l i t i e s ,
b l  * b o i  9~B^ RT <2 3 >
i s  su p p o sed  t o  h o l d  i n  t h i s  c a s e ,  th e n  t h e  p l o t  o f  l o g  b^
v e r s u s  1 /T  s h o u ld  y i e l d  s t r a i g h t  l i n e s  w i t h  s l o p e s  
w h e re  r e p r e s e n t s  t h e  e n e rg y  o f  a c t i v a t i o n  i n  c a l o r i e s  
p e r  mole and R i s  t h e  u n i v e r s a l  g a s  c o n s t a n t .  I t  w i l l  b e
s e e n  from P i g .  23 t h a t  t h i s  c o n c l u s i o n  i s  t r u e  t o  a s u f ­
f i c i e n t  a p p r o x i m a t i o n  i f  t h e  c o m p l i c a t e d  p r o c e d u r e  o f  
s e p a r a t i n g  t h e  i n f l u e n c e  o f  t h e  v a r i o u s  g ro u p s  o f  i o n s  
i s  t a k e n  i n t o  a c c o u n t .
The r e s u l t i n g  e n e r g i e s  o f  a c t i v a t i o n ,  a r e
» 861 Eg as 1061 Eg « 1368 o&l/mol© 
w h ich  seem t o  b e  r e a s o n a b l e  v a l u e s ,  and a r e  o f  t h e  same 
o r d e r  o f  m a g n i tu d e  a s  r e p o r t e d  f o r  o t h e r  m e t a l s  by  M ott  
and  Gurney2 2 . The m o b i l i t i e s  a r e  a l s o  o f  t h e  same o r d e r  









F i g .  2 3 .  L o g  mobil i ty  a s  a  f u n c t i o n  of r e c i p r o c a l  t e m p e r a t u r e .
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an d  P la n e *  a l t h o u g h  o f  t h e  o p p o s i t e  t e m p e r a t u r e  d ep en d en ce .
As f o r  t h e  d ep en d en ce  o f  on f o r m a t i o n ,  t h e  v a l u e s  
o f  T a b l e  I I I  B I n d i c a t e  a  more p ro n o u n ced  v a r i a b i l i t y  th a n  
t h o s e  o f  T a b l e  I I I  A. In  s p i t©  o f  t h i s  f a c t ,  t h e  I o n i c  
c o n s t a n t s  h a v e  b e e n  c a l c u l a t e d  w i th  t h e  same c o n s t a n t  v a l u e  
1*13 x 105 i n  o r d e r  t o  f a c i l i t a t e  t h e  com par ison  w i t h  D isc  
9 9 ,  a t  l e a s t  f o r  t h e  l a t e r  s t a g e s  o f  f o r m a t i o n ,  s ine© D isc  
99  was a  s t r o n g l y  formed d i s c .
The r e s u l t s  a r e  c o l l e c t e d  i n  T a b le  IV. I t  sh o u ld  be  
t a k e n  i n t o  a c c o u n t  t h a t  t h e  d i s c  133 was s u b j e c t e d  t o  a  v e ry  
sever©  t r e a t m e n t  b e tw e e n  e a c h  o f  t h e  s u b s e q u e n t  f o r m a t io n  
p e r i o d s .  I t  may, t h e r e f o r e ,  seem d o u b t f u l  w h e th e r  t h e  v a l u e s  
f o r  t h e  v a r i o u s  s t a g e s  o f  f o r m a t i o n  a r e  c o m p a rab le .  I t  i s  
somewhat a s t o n i s h i n g  t h a t  t h e  m o b i l i t i e s ,  a s  a  r u l e ,  i n c r e a s e  
w i t h  p r o l o n g e d  f o r m a t i o n ,  th o u g h  n o t  v e r y  s t r o n g l y .  I f  a  
v a r i a b i l i t y  o f  w i t h  f o r m a t i o n  i s  a c c e p t e d ,  I t  would be  
an e a s y  m a t t e r  t o  d e t e r m i n e  f o r  e a c h  s t a g e  o f  f o r m a t io n  
I n  such  a  way t h a t  t h e  m o b i l i t i e s  a r e  v e r y  l i t t l e  a f f e c t e d .
A change  i n  o f  m a x im a l ly  40 p e r  c e n t  would a c h i e v e  t h i s .  
T h i s  p o i n t  s h o u l d  b e  f u r t h e r  I n v e s t i g a t e d  on d i s c s  which  
a r e  l e f t  u n to u c h e d  b e tw een  t h e  v a r i o u s  p e r i o d s  o f  f o r m a t io n .  
From t h e  p r e s e n t  s e r i e s  t h e  o n l y  c o n c l u s i o n  w hich  may b e  
d raw n  w i t h  some c e r t a i n t y  i s ,  t h a t  t h e  c o n c e n t r a t i o n s  de­
c r e a s e  w i t h  p r o lo n g e d  f o r m a t i o n .  T h is  I s  t h e  same r e s u l t
♦ Q uo ted  by  G ro n d a h l23
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J a f f a *  a r r i v e d  a t  i n  h i e  a n a l y s i s  o f  d i s c  74 ( F i n a l  R e p o r t ) ^ 4 
and  a t t r i b u t e d  t o  an  e l e c t r o l y s i n g  a c t i o n  o f  t h e  fo rm in g  
c u r r e n t .
I t  i s  n o t e w o r t h y  t h a t  t h e  i o n i c  c o n s t a n t s  change com­
p a r a t i v e l y  l i t t l e  a f t e r  t h e  f i r s t  f o r m a t i o n .  The same f a c t
was  o b s e r v e d  b y  P i c k e r  r e g a r d i n g  t h e  t h i c k n e s s  o f  t h e  ca d -
25 26m l u m - s e l e n l d e  l a y e r .  9 Thus t h e  b u i l d i n g  up o f  t h i s
l a y e r  seems t o  b e  i n t i m a t e l y  c o n n e c te d  w i t h  t h e  e l e c t r o l y z -
i n g - o u t  o f  I o n s .
As f o r  t h e  m o b i l i t i e s  o b t a i n e d  w i t h  d i s c  133,  t h o s e
o f  t h e  h i g h e s t  g roup  a f t e r  t h e  f i r s t  f o r m a t i o n  a g r e e  In
o r d e r  o f  m a g n i tu d e  w i t h  t h e  v a l u e  o b t a i n e d  f o r  t h e  medium
g ro u p  o f  d i s c  99 a t  t h e  same t e m p e r a t u r e ,  i . e .  - 1 ? . 5 ° 0 .
I n  l i k e  m anner ,  t h o s e  o f  medium group  C orrespond  In  o r d e r
o f  m a g n i tu d e  t o  t h e  low g roup  o f  d i s c  9 9 .  T h is  i s ,  o f  c o u r s e ,
l a r g e l y  due t o  t h e  a s s u m p t io n  o f  t h e  same v a l u e  o f  k  . At
t h e  same t im e  I t  i n  t u r n  makes t h i s  c h o i c e  r e a s o n a b l e .
The v a l u e s  c o l l e c t e d  In  T a b le  IV B can b e  compared
w i t h  t h o s e  o b t a i n e d  b y  J a f f a *  i n  a n a l y z i n g  t h e  o b s e r v a t i o n s
on d i s c  7 4 . 27 ( R e p o r t ,  T a b le  6 ,  p .  7 2 ) .  J a f f e *  o b t a i n e d
b j  -  1 .7 1  x 1CT3 f o r  t h e  f a s t e s t  g ro u p ,  and b^ a 5 . 0  x 1Q~®
f o r  t h e  medium one ( t h e  l o w e s t  group was o b s e rv e d  b u t  n o t
e v a l u a t e d . )  T hese  v a l u e s  s h o u ld  be  compared w i th  t h e  v a l u e s
b  = 2 . 1  x 1 0 -3  and b 0 * 6 . 5  x 10*s  o f  t h e  p r e s e n t  a n a l y s i s  
1 ^
on d i s c  133. The c o n c e n t r a t i o n s  show t h e  same k i n d  o f  a g r e e ­
ment a s  to  o r d e r  o f  m a g n i tu d e .  In  t h i s  com par ison  I t  sh o u ld
7 6
b e  t a k e n  i n t o  ao o o u n t  t h a t  t h e  e a r l i e r  c a l c u l a t i o n s  were  
p e r f o r m e d  w i t h  a  more e l e m e n t a r y  form o f  t h e  t h e o r y ,  i . e .  
u n d e r  t h e  a s s u m p t io n  t h a t  t h e  t h i c k n e s s  o f  t h e  d e p l e t i o n  
l a y e r  ( c a l l e d  d  h e r e ,  and 1^ i n  t h e  r e p o r t )  i s  I n d e p e n d e n t  
o f  f r e q u e n c y ,  and  t h a t  t h e  t e m p e r a t u r e  o f  t h e  e a r l i e r  
m easu rem en t  was n o t  c o n t r o l l e d  and was a p p r o x i m a t e l y  e q u a l  
t o  room te m p e r a tu r e *
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T ab le  I I I
I o n i c  Cons tan t©  b y  
F i r s t  Method o f  C a l c u l a t i o n
A: T e m p e ra tu re  Dependence
D i s c  99 (Cd Se L a y e r  t h i c k n e s s  i s  40 t o  50 x 10**®om)
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T a b l e  IV 
I o n l o  C o n s t a n t s  by 
Second Method o f  C a l c u l a t i o n  
A: T e m p e ra tu re  Dependence
D i s c  99 (Od 8e L a y e f  t h l c l c n e s s  I s  40 t o  50 x 10*“6 cm)
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T a b le  V
A summary o f  t h e  t e r m ® , c o n s t a n t s  and 
e q u a t i o n s  u s e d  i n  t h i s  c h a p t e r
S u b s c r i p t  p d e n o t e s  e x p e r i m e n t a l  q u a n t i t y .
S u b s c r i p t  1 r e f e r s  t o  1^  g ro u p ;  1 » 1 d e n o t e s  t h e  h i g h e s t  
m o b i l i t y  g ro u p ;  1 « 2 t h e  n e x t  lo w e r  m o b i l i t y  
g r o u p ;  e t c .
S u b s c r i p t  o d e n o t e s  t h e  v a l u e  a t  x e ro  f r e q u e n c y .
G = e x p e r i m e n t a l  t o t a l  e q u i v a l e n t  p a r a l l e l  c a p a c i t a n c e  a t  
any  f r e q u e n c y  i n  m fd .
1 /R p -  e x p e r i m e n t a l  t o t a l  e q u i v a l e n t  p a r a l l e l  c o n d u c ta n c e  a t  
any  f r e q u e n c y  i n  pm hos .
G ~ t o t a l  e q u i v a l e n t  p a r a l l e l  c a p a c i t a n c e  p e r  u n i t  a r e a  i n  
esu  p e r  cm a s  u s e d  I n  t h e o r y .
1/R= t o t a l  e q u i v a l e n t  p a r a l l e l  c o n d u c ta n c e  p e r  u n i t  a r e a  i n  
e su  p e r  cm a s  u s e d  I n  t h e o r y .
A -  a r e a  o f  d i s c  i n  cm2 ( e q u a l s  3 .3 0  cm2 f o r  o u r  d i s c s ) .
C o n v e r s io n  o f  e x p e r i m e n t a l  v a l u e s  t o  e su /om 2
c . Q 
c  -  9 x 10 in''
l / R  a  9 X 105  - l £
T s  A b s o l u t e  t e m p e r a t u r e  i n  degree© K e l v i n .
® f r e q u e n c y  v a r i a b l e  p a r t  o f  p r o d u c t  c o m p r i s in g  
*  t h e o r e t i c a l  o a p a c l t a n o e  o f  1™ group*
n~( A 1 * fe-1 & f r e q u e n c y  v a r i a b l e  p a r t  o f  p r o d u c t  c o m p r i s in g
t h e o r e t i c a l  c o n d u c ta n c e  o f  g ro u p .
P .  * l/Rj^ a t  &2 -C2 - 1 / ' I  * 1
c^ = c o n c e n t r a t i o n  o f  I**1 g ro u p .
t hb^  « m o b i l i t y  o f  I  g r o u p .
8 0
T a b l e  V (C o n t in u e d )
5= d i f f u s i v i t y  o f  1 t h  g ro u p ,
& * B o l t z m a n n ' s  c o n s t a n t  * 1 .3 8 1  x lCT’^®.
K s  d i e l e c t r i c  c o n s t a n t  o f  s e le n iu m  # 6 . 3 ,
€ s  e l e c t r o n i c  c h a rg e  » 4 ,8 0 3  x 1 0 ~ ^  ©su.
B s  u n i v e r s a l  g a s  c o n s t a n t  » 1 .9 8  o a l / m o l e .
*  e x p o n e n t i a l  c o e f f i c i e n t  o f  e l e c t r i c  f i e l d  p e r  cm.
» i  -  A i  l o g  f  f r e q u e n c y  s h i f t  o f  g roup  o b t a i n e d  from 
°1  o r  •
For  t h e  f i r s t  method o f  c a l c u l a t i o n  t h e  f o l l o w i n g  
e q u a t i o n s  a r e  u s e d  i n  o r d e r .
*  * * r  r  °„1
*<k.T 
°J 58 " f V  C°J
to -  2 . 2 6  *  1 0 14  a g l 
J 2-Oj
Dj -  toj
^1b , = X
1 2<<£
b .  =
The f o l l o w i n g  r e l a t i o n s  may a l s o  b e  u se d  
*1 ' 8
1 a J )>
o. * gpo3. o j  
GOOJ
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T a b le  V (C o n t in u e d )
Fop t h e  s e c o n d  method o f  c a l c u l a t i o n  th e  f o l lo w in g  
e q u a t i o n s  a r e  u s e d  In  o r d e r .
<* s  a  c o n s t a n t  m 1 .1 3  x 105 ( t h e  a v e ra g e  o f  th e  <x* s 
d e te r m in e d  by  t h e  f i r s t  m e th o d ) .
o .  * a  .J uoJ
x 2<*£
( o n ly  w i t h i n  a  f r e q u e n c y  ru n )
o = b ,  £2 3 -J £
V II LGG-U>G METHOD OF ANALYSIS
The method o f  a n a l y s i s  d e s c r i b e d  in  th e  p r e c e d in g  
s e c t i o n  e n t a i l s  a  g r e a t  d e a l  o f  l a b o r  and  c a l c u l a t i o n s .
I t  a l s o  I n v o lv e d  a c q u i r i n g  c o n s i d e r a b l e  e x p e r i e n c e  and 
Judgm ent i f  any  a c c u r a c y  I s  d e s i r e d .  F o r  t h i s  r e a s o n  
t h e s e  c a l c u l a t i o n s  w ere  p e r fo rm e d  on o n ly  two s e t s  o f  d a t a .  
H ow ever9 t h e  t h e o r y  a s  u s e d  f o r  th e  seco n d  m ethod o f  
c a l c u l a t i o n , i . e .  w i th  <x c o n s t a n t ,  a l lo w s  some c o n c lu ­
s i o n s  t o  b e  d raw n from v i s u a l  I n s p e c t i o n  o f  th e  l o g - l o g  
c u rv e s *
I n  a t t e m p t i n g  to  e x p l a i n  th e  complex c u rv e s  o b ta in e d  
b y  e x p e r im e n t ,  and  t h e i r  b e h a v i o r ,  I t  i s  s im p le r  to  s t a r t  
w i th  t h e  t h e o r e t i c a l  c u rv e  f o r  a s i n g l e  c a r r i e r  g ro u p  and 
th e n  t o  add  to  i t  t h e  e f f e c t s  o f  o t h e r  g ro u p s  o f  b o th  h ig h ­
e r  and  lo w e r  m o b i l i t i e s  to  o b t a i n  c u rv e s  r e s e m b l in g  th o s e  
o b t a i n e d  e x p e r i m e n t a l l y .  F o r  I f  an e x p e r im e n ta l  l o g - l o g  
c a p a c i t a n c e  c u rv e  I n v o l v i n g  a s i n g l e  c a r r i e r  i s  m atched  
t o  a  s t a n d a r d  c u rv e  a s  d e s c r i b e d  on page  55 th e  r e q u i r e d  
v e r t i c a l  an d  h o r i z o n t a l  s h i f t s  y i e l d  A  lo g  CG and A l o g  f i .
F o r  t h e  s i n g l e  c a r r i e r  I t  v/ould be  more c o n v e n ie n t  to  
us® t h e  p l o t  o f  t h e  Cfy c u rv e  r a t h e r  th a n  a s t a n d a r d  curve* 
H ow ever, f o r  t h e  sa k e  o f  a  c o n v e n ie n t  s c a l e ,  e s p e c i a l l y  
i n  t h e  m u l t i p l e  c a r r i e r  c a s e ,  was m u l t i p l i e d  by a
c o n s t a n t ,  h j ,  t o  g iv e
w h ere  0a i s  t h e  c a p a c i t a n c e  on th e  s t a n d a r d  c u rv e  a t  any 
f r e q u e n c y .  I n  t h e  same m anner I s  m u l t i p l i e d  b y  an 
a r b i t r a r y  c o n s t a n t  t o  g iv e
w h e re  1 /R fi i s  t h e  c o n d u c ta n c e  on t h e  s t a n d a r d  c u rv e  a t  any 
f r e q u e n c y .  Then th e  t o t a l  s h i f t  o f  t h e  e x p e r im e n ta l  l o g -  
l o g  c u r v e  from  t h e  l o g - l o g  c u rv e  o f  t h e  Gr̂  f u n c t i o n  would 
b e  g iv e n  by  A l o g  0po p l u s  l o g  h ^  and s i m i l a r l y  f o r  t h e  
c o n d u c ta n c e  t h e  t o t a l  s h i f t  i s  A l o g  Pp p l u s  l o g  h g .
A c c o rd in g  t o  t h e  se c o n d  m ethod o f  c a l c u l a t i o n ,  i . e . ,  
a s su m in g  a  known c o n s t a n t ,  E q u a t io n s  19 and 9 ,  page  71, 
w ou ld  th e n  y i e l d
The c o n s t a n t s  I n  t h e s e  e q u a t io n s  can b e  com bined t o
g i v e
The c o n s t a n t s  and  mg may b e  made t o  i n c lu d e  t h e  c o n v e r s io n  
f a c t o r  f o r  t h e  u n i t s  and t h e  f a o t o r  f o r  r e d u c t i o n  to  u n i t  
a r e a .  A f t e r  t h e  m atch  I s  made, th e  s h i f t s  o f  th e  a x e s  may 
b e  th e n  s u b s t i t u t e d  i n  t h e s e  two e q u a t io n s  and th e  m o b i l i t y
an d  c o n c e n t r a t i o n  can b e  d e te rm in e d .
a
The f r e q u e n c y  s h i f t ,  A l o g  f E, i s  n o t  u s e d  f o r  a  s i n g l e
1 /R S = hgGg
( 1 9 ' )
(9 ' )
(1 9")
( 9 " )
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c a r r i e r  s i n c e  e q u a t io n  (10) i s  no l o n g e r  u se d  i n  t h e  second  
m e th o d  o f  c a l c u l a t i o n .  I t  g i v e s  t h e  r a t i o ©  o f  th e  s q u a re  
r o o t s  o f  m o b i l i t i e s  f o r  m u l t i p l e  c a r r i e r s *  However, f o r  
su c h  a  s i n g l e  g ro u p  o f  c a r r i e r s ,  m atch  o f  b o th  Gp and  1/Bp 
c u r v e s  w i th  t h e  © tandard  c u rv e  s h o u ld  o c c u r  w i th  t h e  same 
h o r i z o n t a l  s h i f t ,  i , e ,  , t h e  s h i f t  i n  t h e  lo g  f r e q u e n c y  
s c a l e s  s h o u ld  c o i n c id e  f o r  b o t h  e x p e r im e n ta l  curve© .
From e x p e r i m e n ta l  c u r v e s  p l o t t e d  from  measurement® on 
a  d i s c  c o n t a i n i n g  a  s i n g l e  i o n i c  g ro u p  ( i f  such  a  d i s c  
e x i s t s )  u n d e r  v a r y i n g  c o n d i t i o n s ,  b u t  a t  t h e  same t e m p e r a t u r e ,  
i t  i s  p o s s i b l e  t o  n o te  v i s u a l l y  th e  c h a n g es  In  c o n c e n t r a t i o n  
and  m o b i l i t y  from  one s t a t e  to  a n o t h e r .  I n  t h e  co m p ar iso n  
o f  t h e s e  e x p e r i m e n t a l  c u r v e s ,  t h e  v e r t i c a l  s h i f t  i n  lo g  
c a p a c i t a n c e ,  A  l o g  GpQ, i s  e q u a l  to  th e  lo g  o f  t h e  r a t i o  
o f  t h e  c o n c e n t r a t i o n s ,  and th e  h o r i z o n t a l  s h i f t ,  lo g  f ^  
s e r v e s  t o  e v a l u a t e  t h e  r a t i o  o f  th e  m o b i l i t i e s .  I f  th e  
v a r y i n g  c o n d i t i o n s  o c c u r  a t  d i f f e r e n t  t e m p e r a t u r e s ,  I t  and 
T g , l o g  I j / I g  m u s t be s u b t r a c t e d  from  A l o g  Cp0 (w here
l o g  0pO -  l o g  • (F o r  m ost o f  th e  m easu rem en ts
made t h i s  c o r r e c t i o n  i s  n e g l i g i b l e  f o r  v i s u a l  s t u d i e s ) .
From t h e  c o n d u c ta n c e  c u r v e s ,  t h e  s h i f t  o f  lo g  Pp i s  e q u a l  
t o  t h e  lo g  o f  t h e  r a t i o  o f  th e  m o b i l i t y - c o n c e n t r a t i o n  p ro d u c t  
o f  t h e  two s t a t e s ,  in d e p e n d e n t  o f  th e  t e m p e r a tu r e .  The r a t i o  
o f  t h e  B p 's*  d e te rm in e d  from  t h i s  s h i f t  d iv id e d  by  t h e  r a t i o  
o f  c o n c e n t r a t i o n s  g i v e s  t h e  r a t i o  o f  m o b i l i t i e s .
A c t u a l l y ,  t h e  d i s c s  m easu red  h e r e  h a v e  n o t  y e t  b een  
fo u n d  to  b e  c h a r a c t e r i z e d  by  o n ly  a  s i n g l e  group o f  l o n e .
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However* t h i s  t y p e  o f  v i s u a l  a n a l y s i s  may h e  a d a p te d  t o  
m u l t i p l e  c a r r i e r  g ro u p s  i n  a  h a l f  q u a n t i t a t i v e  way f o r  
d e t e r m i n i n g  t h e  t r e n d s  i n  a  f a m i ly  o f  c u r v e s .
F o r  m u l t i p l e  c a r r i e r s *  t h e  e f f e c t i v e  c a p a c i t a n c e  and 
c o n d u c ta n c e  a r e  a d d i t i v e  i n  th e  f o l lo w in g  way
As e x p l a i n e d  on page  66 * a n  i n c r e a s e  i n  b  I s  e q u i v a l e n t  
t o  ex p a n d in g  t h e  f r e q u e n c y  s c a l e  o r  i n  t h e  l o g a r i t h m i c  p l o t ,  ■ 
t h i s  w ould  b e  i n d i c a t e d  by a  s h i f t  o f  t h e  cu rv e  t o  t h e  r i g h t  
a l o n g  t h e  f r e q u e n c y  s c a l e .
I f  t h e  m o b i l i t i e s  o f  th e  v a r io u s  g ro u p s  a r e  w id e ly  sep­
a r a t e d ,  t h e  c o r r e s p o n d in g  l o g - l o g  c u rv e s  w ould r e s e m b le  a  
s e r i e s  o f  s t e p s  f a l l i n g  from low to  h ig h  f re q u e n c y  f o r  0 
an d  r i s i n g  from  l e f t  to  r i g h t  f o r  1 /R .
The p r e d i c t e d  shape o f  su c h  a  l o g - l o g  c u rv e  f o r  s e v e r a l  
c a r r i e r s  i s  o b t a i n e d  by a d d in g  t h e o r e t i c a l  c a p a c i t a n c e  c u rv e s  
a s  i n d i c a t e d  ab o v e  and p l o t t i n g  th e  l o g  o f  th e  sum o f  th e  
c a p a c i t a n c e s .  T h is  h a s  b een  done In  F ig .  24 . The lo w er  
c u rv e  i s  a  s i n g l e  c a r r i e r  c u r v e .  The s o l i d  l i n e  c u rv e  above 
and  t o  th e  r i g h t  o f  th e  s i n g l e  c a r r i e r  c u rv e  shows th e  e f f e c t  
o f  t h e  a d d i t i o n  o f  a  s m a l l  c o n c e n t r a t i o n  o f  ion© o f  much 
h i g h e r  m o b i l i t y .  C o n c e n t r a t io n  o f  t h e  added h ig h  m o b i l i t y  
I o n s  I s  10 p e r c e n t  o f  th e  p r i n c i p a l  g ro u p ,  and th e  m o b i l i t y  
o f  t h e  added  g ro u p  I s  one h u n d re d  t im e s  t h a t  o f  th e  s i n g l e  
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Fig.24.Theoretical ca p ac i ta n c e  curves showing effects of a d d e d  c a r r i e r  groups.
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I s  l i f t e d  r e l a t i v e  t o  th e  s i n g l e  e a r r i e r  ourve  f o r  t h e  i n ­
t e r m e d i a t e  g r o u p .  I n  a d d i t i o n  t h e  r i g h t  b r a n c h  o f  t h e  
o u rv e  (ABC) i s  swung upw ard , w i t h  a  d e f i n i t e  c u r v a t u r e  
i n t r o d u c e d  a t  (A ) .
t h e  e f f e c t  o f  t h e  a d d i t i o n  o f  a  s m a l l  c o n c e n t r a t i o n  
o f  low m o b i l i t y  i o n s  I s  shown by  th e  d o t t e d  b r a n c h  b r e a k i n g  
o f f  t h e  c u r v e  a t  (D). t h i s  i s  ca u sed  by th e  a d d i t i o n  o f  a  
10 p e r c e n t  c o n c e n t r a t i o n  o f  i o n s  h a v in g  m o b i l i t i e s  one o n e -  
h u n d r e d th  t h a t  o f  t h e  I n t e r m e d i a t e  g ro u p .  Note t h a t  t h i s  
a d d s  a  s m a l l  s t e p  i n  t h e  c u r v e ,  and t h e  l e f t  end o f  th e  
d o t t e d  c u rv e  h a s  a g a in  r a i s e d  a lm o s t  th e  same am ount a s  
p ro d u c e d  b y  th e  a d d i t i o n  o f  t h e  same p e r c e n ta g e  o f  h ig h  
m o b i l i t y  i o n s .  I n  f a c t  t h e  h e i g h t  o f  t h i s  p l a t e a u  I s  
d e te r m in e d  by t h e  t o t a l  c o n c e n t r a t i o n  o f  c a r r i e r s  h a v in g  
h i g h e r  m o b i l i t i e s .
I n  a  s i m i l a r  manner t h e  t h e o r e t i c a l  form o f  lo g  1/Rp vs 
l o g  c u r v e s  f o r  s e v e r a l  g ro u p s  o f  c a r r i e r s  can b e  con­
s t r u c t e d .  T h ese  c u rv e s  d i f f e r  In  t h a t  1/Kp i s  d ep e n d en t  
upon  b o t h  t h e  c o n c e n t r a t i o n  and m o b i l i t y  o f  th e  c a r r i e r s .
Such a  c u rv e  i s  shown i n  F ig .  2 5 , w here  t h e  s i n g l e  c a r r i e r  
c u r v e  f o r  l o g  1/Bp c o r r e s p o n d s  t o  t h e  same c a r r i e r  f o r  w hich  
lo g  Op was p l o t t e d  I n  F ig .  24 . The lo g  f re q u e n c y  a x i s  I s  
t h e  same f o r  b o th  c u r v e s .
At t h e  r i g h t  s id e  o f  th e  f i g u r e  t h e  b ra n c h  c u rv in g  
upw ard  r e p r e s e n t s  t h e  e f f e c t  o f  th e  a d d i t i o n  o f  a  h ig h  
m o b i l i t y  g ro u p ,  whose c o n c e n t r a t i o n  and m o b i l i t y  a r e  th e  
same a s  t h a t  added  to  th e  c a p a c i t a n c e  c u rv e .  At th e  lo w er
5.0
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Fig. 25. Theoretical curves showing effects of a d d e d  ca r r ie r  groups.
8 9
l e f t  c o r n e r ,  t h e  c u rv e  above  and t o  t h e  l e f t  o f  t h a t  o f  
t h e  s i n g l e  c a r r i e r  shows th e  c a l c u l a t e d  e f f e c t  o f  an added  
g ro u p  o f  s lo w e r  i o n s  whose c o n c e n t r a t i o n  and m o b i l i t y  a r e  
a l s o  t h e  same a s  t h a t  u s e d  In  t h e  c a p a c i t a n c e  c u r v e s .
I f  a  d l e o  c o n t a i n i n g  s e v e r a l  g ro u p s  o f  i o n s  i s  s u b j e c t  
t o  d i f f e r e n t  c o n d i t i o n s  and i f  th e  m o b i l i t i e s  and  c o n c e n t r a ­
t i o n s  o f  e a c h  g ro u p  change i n  t h e  same r a t i o ,  t h e  l o g a r i t h ­
m ic  c a p a c i t a n c e  c u r v e s  w i l l  s h i f t  w i th o u t  a  change i n  sh a p e .  
The v e r t i c a l  s h i f t  o f  t h e  c a p a c i t a n c e  c u rv e  w i th  a  c o r r e c ­
t i o n  f o r  t e m p e r a t u r e  w i l l  g i v e  t h e  r a t i o  o f  th e  change i n  
c o n c e n t r a t i o n  o f  each  g ro u p  o r ,  s i n c e  t h e  r a t i o s  o f  t h e  
g r o u p s  re m a in  c o n s t a n t  f o r  t h i s  h y p o t h e t i c a l  c a s e ,  t h e  s h i f t  
w i l l  a l s o  g i v e  t h e  r a t i o  o f  th e  t o t a l  c o n c e n t r a t i o n .  The 
l o g a r i t h m i c  c o n d u c ta n c e  o u rv e  w i l l  change  in  s h a p e ,  s in c e  
t h e  o r d i n a t e  f o r  ea ch  s e p a r a t e  g ro u p  I s  p r o p o r t i o n a l  to  t h e  
p r o d u c t  o f  b o t h  t h e  c o n c e n t r a t i o n  and m o b i l i t y .  From th e  
v e r t i c a l  s h i f t  o f  t h e  c o n d u c ta n c e  c u rv e  a t  t h e  h ig h  
f r e q u e n c y  end  t h e  r a t i o  o f  t h e  change o f  m o b i l i t y  t im e s  
c o n c e n t r a t i o n  can b e  fo u n d  f o r  th e  h i g h e s t  m o b i l i t y  g ro u p .
From i n s p e c t i o n  o f  t h e  f a m i l i e s  o f  c u rv e s  p r e s e n t e d  
e a r l i e r ,  F i g s .  11 to  20 , i t  i s  o b v io u s  t h a t  th e  r a t i o s  o f  
t h e  c o n c e n t r a t i o n s  and  m o b i l i t i e s  o f  t h e  s e p a r a t e  g ro u p s  
p r e s e n t  i n  a  d i s c  a r e  n o t  f i x e d  a s  th e  d i s c  i s  s u b je c t e d  
t o  v a r i o u s  c o n d i t i o n s .  T h is  i s  e v id e n c e d  by  th e  ch an g es  i n  
s h a p e .  I t  can  b e  n o t i c e d  t h a t  no two c u rv e s  i n  a f a m i ly  
h a v e  an  i d e n t i c a l  s lo p e  i n  an y  s i m i l a r  r e g io n  e x c e p t  p e rh a p s  
i n  t h e  k n e e  o f  t h e  o u rv e .  For a s m a l l  number o f  i o n i c  g ro u p s
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i t  i© p o s s i b l e  t o  fo l lo w  th e  c o n t r i b u t i o n  to  t h e  c u r v e
s h a p e  o f  one o r  more g ro u p s  when th e  d i s c  i s  s u b j e c t e d  to
v a r y i n g  c o n d i t i o n s .  I f  t h e  l o g - l o g  c a p a c i t a n c e  c u rv e  
s h a p e s  a r e  n e a r l y  s i m i l a r  when t h e  d i s c  i s  s u b j e c t e d  t o  a  
ch a n g e  o f  o o n d i t l o n s  t h e  v e r t i c a l  and  h o r i z o n t a l  s h i f t s  in  
t h e  n e a r l y  h o r i z o n t a l  r e g i o n  J u s t  t o  t h e  l e f t  o f  th e  Knee 
may b e  u s e d  t o  d e r i v e  some in f o rm a t io n *  f h e  v e r t i c a l  d i s ­
p la c e m e n t  o f  t h i s  r e g io n  i s  A $p0% w here  I n  t h i s  c a s e
^ p o t  * ° t a l  z e ro  f r e q u e n c y  c a p a c i t a n c e  o f  t h e  g roup
c o n t r i b u t i n g  m a in ly  t o  t h e  c u r v e  shape  a t  th e  r e g i o n  o f  
m easu rem en t p l u s  t h e  z e ro  f r e q u e n c y  c a p a c i t a n c e  o f  a l l  
h i g h e r  m o b i l i t y  g r o u p s .  The s h i f t  A l o g  0pO$ th e n  g i v e s  
t h e  lo g  o f  t h e  r a t i o  o f  t h e  t o t a l  c o n c e n t r a t i o n s  o f  t h e s e  
g r o u p s  u n d e r  t h e s e  two c o n d i t i o n s .  The h o r i z o n t a l  s h i f t  
o f  t h i s  r e g i o n  may g i v e  an  i n d i c a t i o n  o f  change i n  th e  
m o b i l i t y  o f  t h e  g ro u p  c o n t r i b u t i n g  to  th e  c u rv e  shape  i n  
t h i s  r e g i o n .
In  t h e  m e asu rem e n ts  p e r fo rm e d  h e r e  i t  was fo u n d  i n  
m o s t  c a s e s  t h a t  t h e ' c u r v e  s h a p e s  above  f r e q u e n c i e s  o f  10 
o p s  w ere  a p p a r e n t l y  a f f e c t e d  by  o n ly  t h r e e  g ro u p s  o f  i o n s .  
The medium m o b i l i t y  g ro u p  was u s u a l l y  p re d o m in a n t  i n  
d e t e r m in in g  th e  c u rv e  sh a p e  f o r  t h e  c a p a c i t a n c e  c u r v e s ,  
w h i l e  t h e  h i g h e s t  m o b i l i t y  g ro u p  was p re d o m in a n t  i n  e s t a b ­
l i s h i n g  t h e  c u rv e  f o r  1 /R p , p a r t i c u l a r l y  a t  t h e  h ig h  f r e ­
q u en c y  en d . In  u s in g  i n t e r n a l  co m p ariso n s  o f  f a m i l i e s  o f  
c u r v e s  i t  I© th e n  p o s s i b l e  t o  e s t i m a t e  c o n c e n t r a t i o n  chang­
e s  o f  t h e  com bined  I n t e r m e d i a t e  and h ig h  g ro u p s .  I t  i s
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so m e tim es  p o s s i b l e  t o  e s t i m a t e  t h e  r e l a t i v e  c o n c e n t r a t i o n s  
o f  t h e  h i g h e r  and  lo w e r  g r o u p s  by co m p ariso n  w i th  th e  
t h e o r e t i c a l  o u r v e s  In  f i g ,  2 5 . Prom t h i s  com parison  th e  
i n d i v i d u a l  c h a n g e s  i n  c o n c e n t r a t i o n  o f  a l l  t h r e e  g ro u p s  
may b e  e s t i m a t e d .  The c h a n g e s  In  m o b i l i t y  may b® e s t im a te d  
from  t h e  c a p a c i t a n c e  c u r v e s  f o r  th e  medium g ro u p s  and from 
t h e  c o n d u c ta n c e  c u rv e s  f o r  t h e  h ig h  g ro u p s*
B e s id e s  n o t  y i e l d i n g  a b s o l u t e  v a l u e s ,  t h i s  m ethod o f  
c o m p a r iso n  s u f f e r s  o t h e r  d i s a d v a n t a g e s .  P ic k in g  a  s i m i l a r  
r e g i o n  f o r  c o m p ar iso n  on e a c h  c u rv e  i n  a  f a m i ly  i s  some­
t i m e s  d i f f i c u l t  and  som etim es n o t  even p o s s i b l e  b e c a u s e  o f  
t h e  s m a l l  s e p a r a t i o n  in  t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  th e  
i o n i c  c o n t r i b u t i o n s .  Even w h ere  s i m i l a r  r e g i o n s  a r e  e a s i l y  
d e t e r m in e d ,  t h e  m ethod h a s  l i t t l e  a c c u r a c y  f o r  d e t e r m in a t io n
o f  com bined i o n i c  g ro u p s  and l e s s  a c c u r a c y  f o r  t h e  s tu d y  o f
i n d i v i d u a l  g ro u p s*
A more a c c u r a t e  m ethod ( l i m i t e d  o n ly  by  t h e o r y ,  s e e  page  
72) f o r  t h e  d e t e r m i n a t i o n  o f  th e  a b s o l u t e  v a l u e s  o f  concen­
t r a t i o n  and m o b i l i t y  o f  i n d i v i d u a l  i o n i c  g ro u p s  may b e  ob­
t a i n e d  by  t h e  u s e  o f  t h e o r e t i c a l  l o g - l o g  t e m p la t e s  b a s e d  on 
c a l c u l a t i o n s  f o r  m ixed i o n i c  g ro u p s  a r r a n g e d  f o r  com parison  
w i t h  t h e  e x p e r i m e n ta l  c u r v e s .  Some t e m p l a t e s  f o r  conduc­
t a n c e  and c a p a c i t a n c e  h a v e  a l r e a d y  b e e n  c o m p le ted ,  b u t  i t  
w i l l  b e  n e c e s s a r y  t o  have  s e v e r a l  more set®  b e f o r e  a c c u r a t e  
m e a su re m e n ts  can  b e  made. One s e t  o f  t e m p la te s  c o n s i s t s  
o f  c o m p o s i te  c u r v e s  o f  l o g  l / R  and l o g  0 ( b o th  p l o t t e d
a g a i n s t  lo g  f r e q u e n c y )  f o r  an i n t e r m e d i a t e  and a  h ig h  group*
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The I n t e r m e d i a t e  g roup  i s  t h e  same f o r  a l l  t e m p la t e s  i n  
t h e  s e t*  w h i l e  t h e  s e p a r a t e  tem p la te©  a r e  a r r a n g e d  so t h a t  
e a c h  r e p r e s e n t s  a  d i f f e r e n t  c o n c e n t r a t i o n  o f  t h e  h i g h e r  
m o b i l i t y  g roup*  Then on e a c h  t e m p la te  a r e  drawn a  f a m i ly  
o f  c u r v e s  a t  t h i s  c o n s t a n t  c o n c e n t r a t i o n  w i th  d i f f e r i n g  
m o b i l i t i e s  f o r  t h e  h ig h  g ro u p .  T h is  s e t  e s s e n t i a l l y  
c o n s i s t s  o f  i n d i v i d u a l  t e m p l a t e s  o f  two g ro u p s  o f  c o n s ta n t  
c o n c e n t r a t i o n  and  v a r y in g  r e l a t i v e  m o b i l i t i e s .  A second  
s e t  was a l s o  c o n s t r u c t e d  w i th  t h e  same I n t e r m e d i a t e  g ro u p ,  
b u t  w i t h  c o n s t a n t  m o b i l i t i e s  and v a r y i n g  c o n c e n t r a t i o n s  
f o r  t h e  h i g h  g r o u p .
I t  w i l l  b e  n e c e s s a r y  t o  expand th e  number o f  p r e s e n t  
t e m p l a t e s  and t o  add low m o b i l i t y  g ro u p s  to  each  o f  t h e s e  
t e m p l a t e s  i n  o r d e r  t h a t  th e y  may b e  u s e d  to  th e  b e s t  
a d v a n ta g e *
A f t e r  t h e  t e m p l a t e s  a r e  c o m p le te d ,  t h e  e x p e r im e n ta l  
c a p a c i t a n c e  and c o n d u c ta n c e  c u rv e s  may be m atched s im u l­
t a n e o u s l y  t o  t h e  t e m p l a t e s  k e e p in g  t h e  f re q u e n c y  a x e s  t o ­
g e t h e r *  When t h e  b e s t  f i t t i n g  t e m p l a t e s  a r e  fo u n d ,  th e  
s h i f t  i n  t h e  e x p e r im e n ta l  l o g  c a p a c i t a n c e  a x i s  from th e  
t h e o r e t i c a l  a x i s  may b e  u s e d  t o  d e te rm in e  th e  c o n c e n t r a ­
t i o n  o f  t h e  i n t e r m e d i a t e  g ro u p  a s  e x p la in e d  f o r  th e  s i n g l e  
c a r r i e r  c u rv e  (Eq I©*1) .  The c o n c e n t r a t i o n s  f o r  th e  o t h e r  
g r o u p s  may b e  d e te rm in e d  from t h e  r a t i o s  o f  c o n c e n t r a t i o n s  
o f  t h e  h ig h  an d  low g ro u p  t o  th e  i n t e r m e d i a t e  g ro u p  u s e d  
i n  t h e  c o n s t r u c t i o n  o f  th e  p a r t i c u l a r  t e m p la t e .  F o r  
g r e a t e r  a c c u r a c y ,  i t  may b e  n e c e s s a r y  t o  i n t e r p o l a t e
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b e tw e e n  c u r v e s  o f  a f a m i l y .  Then from th e  c o n c e n t r a t i o n  o f  
She h i g h e s t  g ro u p  and  from  t h e  v a l u e  ^ p 0£ ,  t h e  m o b i l i t y  o f  
t h e  h ig h  g ro u p  may b e  d e te r m in e d  a s  d e s c r i b e d  p r e v i o u s l y  
(E q .  9*1) .  The m o b i l i t i e s  o f  t h e  o t h e r  two g ro u p s  w i l l  th e n  
b e  i n  t h e  same r a t i o  a s  t h a t  u s e d  i n  t h e  c o n s t r u c t i o n  o f  th e  
tem plate*
U n fortu n ately  d a t a  c a n n o t  y e t  b e  drawn from t h e  e x p e r i ­
m ental curves by t h i s  m ethod  b e c a u s e  o f  t h e  in c o m p le te n e s s  
o f  th e  tem plates* They h a v e  b e e n  u s e d  w i th  s u c c e s s ,  how ever, 
i n  t h e  a n a l y s i s  o f  d a t a  r e f e r r i n g  t o  e l e c t r o l y t i c  s o l u t i o n s .
I t  i s  b e l i e v e d  t h a t  when t h e  t e m p l a t e s  a r e  co m p le te  t h i s  
m e thod  w i l l  a f f o r d  a  r a p i d  and  a c c u r a t e  method o f  a n a l y s i s  
o f  t h e  e x p e r i m e n ta l  c u r v e s .
As a  ro u g h  cheek  o f  t h e  l o g - l o g  m ethod o f  a n a l y s i s ,  
i n t e r n a l  c o m p a r is o n s  w ere  made on th e  t e m p e r a tu r e  and  fo rm ing  
f a m i l i e s ,  an d  com pared to  t h e  v a l u e s  o b t a in e d  b y  th e  sub­
t r a c t i o n  m ethod  w i th  a  c o n s t a n t  oc. The r e s u l t s  a r e  t a b u l a t e d  
i n  t a b l e  V I.  The f i r s t  column g iv e s  th e  r a t i o s  o f  th e  
c o n c e n t r a t i o n  o f  t h e  com bined h ig h  and  medium g ro u p s  by  th e  
l o g - l o g  m ethod f o r  d i f f e r e n t  t e m p e r a tu r e s  and d e g r e e s  o f  
f o r m i n g .  The se co n d  column g i v e s  t h e  same r a t i o s  by t h e  
s u b t r a c t i o n  m e th o d . The t h i r d  and f o u r t h  columns compare 
t h e  r a t i o s  o f  m o b i l i t i e s  i n  t h e  same way# The c u rv e s  o f  
t h e  t e m p e r a tu r e  f a m i ly  a r e  com pared to  t h e  - 1 7 .5 ° 0  c u rv e  
an d  t h o s e  o f  t h e  fo rm in g  f a m i ly  t o  th e  4 t h  formed c u rv e .
T h e re  i s  e x c e p t i o n a l l y  good ag ree m e n t f o r  th e  c o n c e n t r a t i o n s  
a s  m ig h t  b e  e x p e c te d  s i n c e  th e  main s o u rc e  o f  e r r o r  would b e
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t h e  c h o o s in g  o f  s i m i l a r  r e g i o n s  on ea ch  cu rv e  f o r  t h e  
c o m p a r is o n .  The m o b i l i t i e s  do n o t  com pare a s  c l o s e l y ,  b u t  
i t  m ust b e  rem em bered  t h a t  t h e  s h i f t  o f  lo g  fk  g i v e s  o n ly  
m o b i l i t y  c h a n g e s  b e tw e e n  g ro u p s  i n  a  d i s c  a t  one s t a t e .  
W ith  t h e  a s s u m p t io n  o f  a  c o n s t a n t  c*f t h e  m o b i l i t y  r a t i o  
f o r  d i f f e r e n t  s t a t e s  m ust b e  c a l c u l a t e d  from th e  r a t i o  o f  
t h e  F p i ' e .  T h i s  r e q u i r e s  a  Knowledge o f  t h e  h ig h  m o b i l i t y  
c o n c e n t r a t i o n  w h ic h  c a n n o t  b e  o b t a i n e d  fro©  i n t e r n a l  
c o m p a r is o n  a n d  i t s  change was t h e r e f o r e  n e g l e c t e d .
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f a b l e  V I
C om parison  o f  R a t i o s  o f  C o n s ta n t s  
by  Two Method© o f  A n a ly s i s
S t a t e l o g - l o g
m eth o d
s u b t r a c t i o n
m ethod
l o g - l o g
m ethod
s u b t r a c t i o n
m ethod
( ° i







T e m p e ra tu re  F am ily R e f e r r e d  to - 1 7 . 5 ° 0
- 1 7 . 5 1 .0 0 1 .0 0 1 .0 0 1 .0 0
-6 0 0 .6 5 0 .6 6 0 .6 6 0 .5 0
- 8 0 0 .6 0 0 .6 0 0 .2 3 0 .3 6
- 1 0 3 . 5 0 . 3 5 0 .4 0 0 .0 9 6 0 .2 0
D egree
o f
F o rm in g
F orm ing F am ily  R e f e r r e d  to  F o u r th  Form ing
0 4 . 6 4*6 0 .8 3 0 .6 6
1 1 . 8 1 .9 0 .8 9 0 .6 6
2 1 .0 0 .9 6 1 .0 4 0 .6 9
3 0 .9 1 0 .8 7 0 .9 8 0 .4 9
4 1 .0 0 1 .0 0 1 .0 0 1 .0 0
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V I I I .  DISCUSSION OF BESU3UTS 
From t h e  c a l c u l a t i o n s  on t h e  low t e m p e r a tu r e  f a m i ly  
f o r  d i s c  9 9 ,  I t  i s  e v i d e n t  t h a t  t h e  c o n c e n t r a t i o n s  d e c r e a s e  
r a p i d l y  w i th  d e c r e a s i n g  t e m p e r a t u r e .  T h is  i s  i n  c o n t r a s t  
t o  t h e  r e s u l t s  o f  H enkels^®  who a p p ro x im a te d  t h e  c o n c e n t r a ­
t i o n s  o f  c a r r i e r s  i n  vacuum p r e p a r e d  m ic ro  c r y s t a l i n e  
h e x a g o n a l  s e le n iu m  w i th  t e m p e r a t u r e  and  found  a  d e c r e a s e  
i n  c o n c e n t r a t i o n  w i th  i n c r e a s i n g  t e m p e r a t u r e .  However, 
h i s  r e s u l t s ,  w h ich  w ere  f o r  80 and 100°G, a r e  o f  t h e  same 
o r d e r  o f  m a g n itu d e  a s  m igh t h e  e x p e c te d  f o r  an  u n fo rm ed  
d i s c  o f  o u r  m a n u fa c tu r e  e x t r a p o l a t e d  to  t h e  same t e m p e r a tu r e .  
I t  i s  d i f f i c u l t  t o  t e l l  w i th  c e r t a i n t y  i f  an y  g ro u p  de­
c r e a s e s  more r a p i d l y  th a n  a n o t h e r  w i th  t e m p e r a tu r e  b e c a u s e  
o f  t h e  lo w e r  a o c u ra o y  o f  t h e  d e t e r m i n a t i o n s  f o r  t h e  h ig h  and 
low  g r o u p s .  T h e re  a p p e a r s ,  h o w ev e r, to  b e  a  t r e n d  i n  t h a t  
t h e  lo w e r  t h e  m o b i l i t y  o f  a g roup  t h e  more r a p i d l y  i t s  con­
c e n t r a t i o n  d e c r e a s e s  w i th  t e m p e r a tu r e .  T h is  i s  e s p e c i a l l y  
s u b s t a n t i a t e d  b y  th e  - 1 0 3 . 5°G o u rv e  w hich  can b e  superim *  
p o s e d  on th e  t h e o r e t i c a l  s i n g l e  c a r r i e r  c u rv e  e x c e p t  f o r
t h e  h ig h  f r e q u e n c y  s i d e .
The i o n i c  m o b i l i t i e s  f o r  d i s c  99 a l s o  d e c r e a s e  w i th  
d e c r e a s i n g  t e m p e r a t u r e .  T h is  i s  i n  ag ree m en t w i th  H e n k e ls ,g8  
two r e s u l t s  a t  50 and 100°G. H is  r e s u l t s  would f i t ,  w i th in  
e r r o r  o f  m e asu rem e n t,  an e x t r a p o l a t e d  c u rv e  o f  th© a v e ra g e
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o f  t h e  h l ^ i  an d  low m o b i l i t y  g roups*  However, i f  h i s  two 
e x p e r i m e n t a l  p o in t©  w ere d i r e c t l y  c o n n e c te d  th e y  w ould  form 
a  l i n e  w i th  a  s lo p e  g i v i n g  a p p r o x im a te ly  f o u r  t im e s  th® 
e n e rg y  o f  a c t i v a t i o n  fo u n d  her® . I n  s p i t e  o f  t h i s ,  t h e  
a g r e e m e n t  i s  r e m a rk a b le  ( u n l e s s  i t  i s  a c c i d e n t a l )  s i n c e  
t h e  m e a su re m e n ts  w ere  t a k e n  by d i f f e r e n t  m ethods w i th  no 
c o n t r o l  o f  I m p u r i t i e s *
T h e re  i s  a  more d e f i n i t e  t r e n d  i n  th© m o b i l i t i e s  o f  
i o n  g r o u p s  t h a n  i n  t h e i r  c o n c e n t r a t i o n s  a s  shown i n  F ig ,  23 , 
o r  d i r e c t l y  from  t h e  e n e r g i e s  o f  a c t i v a t i o n  w hich  w ere  c a l ­
c u l a t e d  from  t h e  s l o p e s  o f  t h e s e  c u r v e s .  The t r e n d  i s  I n  
t h e  same d i r e c t i o n  a s  t h a t  o f  t h e  c o n c e n t r a t i o n ,  t h a t  i s  
t h e  m o b i l i t i e s  o f  t h e  lo w e r  m o b i l i t y  g ro u p s  a l s o  d e c r e a s e  
m ore r a p i d l y  w i t h  t e m p e r a t u r e .  T h is  w ould  Im ply t h a t  lo w e r­
i n g  t h e  t e m p e r a t u r e  w ou ld  s p r e a d  t h e  e f f e c t s  o f  th e  v a r i o u s  
i o n i c  g ro u p s  a lo n g  t h e  l o g  f ^  a x i s .  At v e r y  low t e m p e r a tu r e s ,  
t h e  p l o t  o f  l o g  Gp v s  l o g  f ^  w ould become more s t e p  l i k e ,  
r e v e a l i n g  more d i s t i n c t l y  t h e  p r i n c i p a l  e f f e c t s  o f  t h e  
s e p a r a t e  g ro u p s  i f  some o f  them rem a in  w i th in  th© f re q u e n c y  
r a n g e  o f  m e a su re m e n t.  The l o g  c o n d u c ta n c e  c u rv e s  would n o t  
show a s  much change  ex o e p t t h a t  a t  lo w e r  t e m p e r a tu r e s  th e  
h i g h e s t  g ro u p  w ould  become more p red o m in a n t  i n  d e t e r m in in g  
t h e  sh ap e  o f  t h e  r i g h t  h a l f  o f  t h e  l o g  c o n d u c ta n c e  c u r v e .
The c o m b in a t io n  o f  t h e s e  two t r e n d s  a t  lo w e r  t e m p e r a tu r e s  
w o u ld  t e n d  t o  c a u s e  t h e  l o g  c a p a c i t a n c e  c u rv e s  t o  have  low er 
b u t  b e t t e r  d e f i n e d  s te p s *  The s t e p  l i k e  p a t t e r n  would have  
b e t t e r  d e f i n i t i o n  b e c a u s e  t h e  g r e a t e r  s e p a r a t i o n  o f  d i f f e r e n t
g r o u p s  w ould c a u s e  p l a t e a u s  t o  e x i s t  b e tw e e n  th e  r i s e s .  The 
s t e p s  w ould  b e  s m a l l e r  b e c a u s e  t h e  ex tre m e  r i g h t  han d  group  
w ou ld  b e  r e l a t i v e l y  u n a f f e c t e d  l e a v i n g  i t s  p l a t e a u  i n  
a p p r o x i m a t e l y  t h e  same h o r i z o n t a l  p o s i t i o n ,  b u t ,  from  r i g h t  
t o  l e f t ,  e a c h  p l a t e a u  w ould b e  d e c r e a s e d  more th a n  th e  p re~  
c e d in g  one*
S in c e  th® h i g h e s t  g ro u p  d o e s  n o t  d e c r e a s e  a s  r a p i d l y  
a s  t h e  o t h e r s  i n  m o b i l i t y  o r  c o n c e n t r a t i o n  w i th  d e c r e a s i n g  
t e m p e r a t u r e s ,  a t  low  t e m p e r a tu r e  t h e  c o n d u c ta n c e  c u r v e s  sh o u ld  
show l i t t l e  ch an g e  on t h e  r i g h t  hand s id e *  The g r e a t e r  d e ­
c r e a s e s  i n  c o n c e n t r a t i o n s  and  m o b i l i t y  o f  t h e  lo w e r  g ro u p s ,  
h o w e v e r ,  s h o u ld  i n c r e a s e  t h e  p red o m in a n ce  o f  th e  h ig h  g roup  
i n  d e t e r m i n i n g  t h e  shape  o f  t h e  c u rv e .  T h is  i s  e s p e c i a l l y  
t r u e  s i n c e  t h e  c o n d u c ta n c e  i s  p r o p o r t i o n a l  to  t h e  p ro d u c t  
o f  c o n c e n t r a t i o n  and  m o b i l i t y .
The se c o n d  t e m p e r a tu r e  f a m i ly  p r e s e n t e d  in  F i g .  13 and 
1 4 , d i s c  74, d i d  n o t  co v e r  a s  l a r g e  a  r a n g e  o f  te m p e r a tu r e  
a s  d i d  d i s c  99* Even s o ,  by  i n t e r n a l  m a tch in g  i t  i s  
n o t  ic e  dole t h a t  t h e  combined s h i f t s  o f  t h e  c a p a c i t a n c e  and 
c o n d u c ta n c e  c u r v e s  a r e  i n  th e  same d i r e c t i o n  f o r  b o th  
f a m i l i e s .  The c a p a c i t a n c e  c u rv e s  i n  b o th  c a s e s  s h i f t  up­
w ard  and  to  t h e  r i g h t  w i th  i n c r e a s i n g  t e m p e r a tu r e  w i th  a  
s l o p e  o f  a p p r o x im a te ly  1 , w h i le  th e  c o n d u c ta n c e  c u rv e s  f o r  
b o t h  c a s e s  s h i f t  i n  a  s i m i l a r  d i r e c t i o n  w i th  t e m p e r a tu r e ,  
w i t h  a  s lo p e  o f  a p p r o x im a te ly  S .5 .  The o v e r a l l  d e c r e a s e  
i n  c o n c e n t r a t i o n  o b t a in e d  by i n t e r n a l  m a tc h in g  o f  th e  
com bined  h ig h  and  medium g ro u p s  f o r  d i s c  74 be tw een  25 and
99
-3 0 °C  g iv e  a p p r o x im a te l y  t h e  same t e m p e r a tu r e  dependanoe  o f  
c o n c e n t r a t i o n  a s  was fou n d  f o r  t h o s e  two g ro u p s  i n  d i s c  99* 
S in c e  t h e  two f a m i l i e s  h a v e  a p p r o x im a te ly  t h e  same te m p era ­
t u r e  c o n c e n t r a t i o n  d ep e n d en c e  and t h e  same d i r e c t i o n a l  s h i f t s ,  
i t  m ig h t  b e  im p l i e d  t h a t  th e y  a l s o  h av e  t h e  same m o b i l i t y  
t e m p e r a t u r e  d e p e n d e n c e .
The t h i r d  t e m p e r a tu r e  f a m i ly  r e p r e s e n t e d  i n  th e  c u rv e s  
o f  F i g .  19 and  20 i s  t a k e n  from  a  com m erc ia l d i s c  f o r  com­
p a r i s o n  w i th  t h o s e  o f  o u r  own m a n u fa c tu re*  I t  i s  n o t  e a sy  
t o  u s e  i n t e r n a l  co m p ar iso n  o f  t h e s e  c u r v e s  b e c a u s e  o f  t h e  
e r r a t i c  c h a n g e s  i n  t h e  d i s c  c h a r a c t e r i s t i c s  b e tw een  s t a t e s ,  
t h a t  i s ,  c h a n g es  i n  c o n o e n t r a t i o n  and d i s t r i b u t i o n  o f  m o b i l i t y  
g ro u p s*
V i s u a l  a n a l y s i s  o f  t h i s  t e m p e r a tu r e  f a m i ly  shows t h a t  
e a c h  o f  t h e s e  c u r v e s  i n d i c a t e s  a  l a r g e r  c o n c e n t r a t i o n  o f  
t h e  h i g h e r  and  lo w e r  m o b i l i t y  g ro u p s  r e l a t i v e  to  t h e  i n t e r ­
m e d i a t e  g ro u p  th a n  i s  c h a r a c t e r i s t i c  o f  d isc©  o f  o u r  own 
m a n u fa c tu re *  T h e re  a l s o  a p p e a r s  to  b e  a  l a r g e r  s p r e a d  o f  
t h e s e  c u r v e s  o v e r  t h e  f r e q u e n c y  ra n g e  i n d i c a t i n g  a  p o s s i b l e  
l a r g e r  r a t i o  o f  m o b i l i t i e s  b e tw een  g ro u p s  th a n  f o r  l o c a l l y  
m a n u fa c tu r e d  d i s c s *
The o v e r a l l  d ep en d en ce  on t e m p e r a tu r e  o f  t h i s  com m ercia l 
d i s c ,  a t  l e a s t  f o r  t h e  i n t e r m e d i a t e  g ro u p ,  i s  t h e  same a s  f o r  
t h e  o t h e r  d i s c s  a s  f a r  a s  a  v i s u a l  com parison  o f  th e  c u rv e s  
ca n  show.
B e s id e s  th e  n o rm al v a r i a t i o n  w i th  t e m p e r a tu r e ,  b o th  d i s c  
99 and  t h e  co m m erc ia l  d i s c  show o t h e r  I n t e r e s t i n g  phenomena*
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One f e a t u r e  o f  t h e  t e m p e r a tu r e  f a m i ly  o f  d i s c  99 i s  t h e  d i e -  
a p p e a r a n c e  o f  t h e  h ig h  m o b i l i t y  g ro u p  a f t e r  th e  d i s c  h ad  
b e e n  s u b j e c t e d  t o  a  low t e m p e r a tu r e  ( -1 0 3 * 5 °0 ) a s  e v id e n c e d  
b y  t h e  sh ap e  o f  th©  c u rv e  t a i l s .  B e fo re  s u b j e c t i o n  t o  low 
t e m p e r a t u r e  th© - 1 ? .6 ° G  c u rv e  h a d  a  d e f i n i t e  c u r v a t u r e  t o  
t h e  r i g h t  I n d i c a t i n g  a  d e f i n i t e  h ig h  m o b i l i t y  group* A f t e r  
s u b j e c t i o n  t o  low t e m p e r a tu r e  t h e  r i g h t  s i d e  o f  t h e  seco n d  
- 1 7 .5 ° C  c u rv e  show© v e r y  l i t t l e  i n d i c a t i o n  o f  a  h ig h  m o b i l i t y  
g ro u p *  B e s id e s  t h e  d e c r e a s e  i n  th© c o n c e n t r a t i o n  o f  t h e  
h i g h  m o b i l i t y  g ro u p  t h e  c u r v e s  show no a p p a r e n t  change i n  
t h e  t o t a l  c o n c e n t r a t i o n ,  i n d i o a t i n g  t h a t  t h e  h i g h e r  g ro u p  
has decreased  i t s  m o b i l i t y  s h i f t i n g  i t s  i o n s  to  t h e  i n t e r ­
m ediate group* T h is  c o u ld  b e  e x p la in e d  b y  th e  g ro u p in g  o f  
m o le c u l e s  and  i o n s  a t  low te m p e ra tu re *  The change w ould 
have t o  b e  i n  su c h  a  way t h a t  t h e  i o n i c  mass was i n c r e a s e d  
b u t  t h e  t o t a l  c h a rg e  r e m a in e d  c o n s ta n t*  I t  I s  b e l i e v e d  t h a t  
t h i s  phenomenon may a l s o  b e  u s e d  a s  e v id e n c e  t o  s u p p o r t  th e  
t h e o r y  o f  t h e  e x i s t e n c e  o f  v a r i o u s  g ro u p s  o f  Ion© o f  d i f f e r i n g  
m o b i l i t y *
The c o m m erc ia l  d i s c  h a s  an  i n t e r e s t i n g  f e a t u r e  i n  th e  
r a p i d  d i s a p p e a r a n c e  o f  one g ro u p  I n  a  sm a ll  t e m p e r a tu r e  range*  
T h e r e  I s  an  e x c e p t i o n a l l y  l a r g e  c o n c e n t r a t i o n  o f  a  r e l a t i v e l y  
s low  g ro u p  o f  i o n s  a t  20° w hich  I s  n o t  p r e s e n t  a t  -5 °*  T h is  
i s  e v id e n c e d  b y  t h e  l a r g e  s t e p  l i k e  r i s e  on th e  l e f t  hand 
p o r t i o n  o f  t h e  20° c u rv e  w hich  would I n d i c a t e  a t  l e a s t  a  te n  
f o l d  i n c r e a s e  In  c o n o e n t r a t i o n  o v e r  th e  h ig h e r  m o b i l i t y  g r o u p s .  
T h i s  I s  a l s o  t r u e  o f  a  7 ^ °  c u rv e  w hich  I s  n o t  shown i n  th e
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f i g u r e .  At «*§°0 t h i s  s t e p  r i s e  i s  no lo n g e r  p r e s e n t  w h ich  
i n d i c a t e s  t h e  d i s a p p e a r a n c e  o f  t h e  g ro u p  w i th in  a  12^° 
t e m p e r a t u r e  r a n g e .  I t  i s  Im p ro b a b le  t h a t  t h e  p a r t i c u l a r  
i o n i c  s p e c i e s  i n v o lv e d  her©  h a s  such a  h ig h  en e rg y  o f  
a c t i v a t i o n  a s s o c i a t e d  w i th  i t s  m o b i l i t y  t h a t  i t s  p r i n c i p l e  
e f f e c t  on t h e  c u r v e  w ould b e  s h i f t e d  be lo w  t h e  f r e q u e n c y  
r a n g e  o f  m e a su re m e n ts  f o r  t h i s  t e m p e r a tu r e  d i f f e r e n c e *  T h is  
e x p l a n a t i o n  i s  u n t e n a b l e  b e c a u s e  o f  th© lacfc o f  a  r e l a t i v e  
f r e q u e n c y  s h i f t  o f  t h i s  g ro u p  b e tw een  20° and  ?&° ( n o t  shown 
I n  F i g .  2 2 ) .  The o n ly  r e a s o n a b l e  e x p l a n a t i o n  w ould  b e  one 
w h ic h  i n c l u d e d  an  a b r u p t  change  i n  e i t h e r  m o b i l i t y  ( i . e .  a 
d i s c o n t i n u i t y  i n  e n e rg y  o f  a c t i v a t i o n )  o r  in  c o n c e n t r a t i o n  
f o r  t h i s  g r o u p .
One e x p l a n a t i o n  s a t i s f y i n g  t h e s e  c o n d i t i o n s  w ould  be  a  
o h e m lo a l  o r  p h y s i c a l  change c a u s in g  th e  i o n s  e i t h e r  to  b e  
n e u t r a l i s e d  d e c r e a s i n g  th® i o n i c  c o n c e n t r a t i o n ;  o r  to  add 
o n e  o r  more a to m s ,  w i th  a  c o r r e s p o n d in g  g r e a t l y  d e c r e a s e d  
m o b i l i t y  w h i le  r e t a i n i n g  t h e  same c h a rg e .  A n o th e r  e x p la n a ­
t i o n  w ou ld  b e  t h e  r e d u c t i o n  o f  a  p o t e n t i a l  b a r r i e r  w i th  
I n c r e a s e d  t e m p e r a t u r e  a l lo w in g  th e  l i b e r a t i o n  o f  many io n s  
w h ic h  w ould  o r d i n a r i l y  b e  t r a p p e d  below  a  c e r t a i n  t e m p e r a tu r e .
A n o th e r  u n u s u a l  f e a t u r e  o f  t h e  com m ercia l d i s c  I s  t h e  
e r r a t i c  b e h a v i o r  w i t h  t e m p e r a tu r e  o f  th e  r i g h t  h an d  s i d e  
o f  t h e  c a p a c i t a n c e  c u r v e s .  The r e g io n s  whose s h a p e s  a p p e a r  
t o  b e  d e t e r m in e d  b y  th© h i g h e s t  m o b i l i t y  group  seem t o  h ave  
a  f a i r l y  s y s t e m a t i c  b e h a v io r  w i th  t e m p e r a tu r e  e x c e p t  a t  -§ °G .
At t h i s  t e m p e r a tu r e  a  v e r y  s t e e p  s lo p e  e x i s t s  a t  t h e  h ig h
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f r e q u e n c y  s i d e  o f  t h e  c u r v e .  T h is  s lo p e  i s  g r e a t e r  t h a n  can 
h e  e x p l a in e d  t h e o r e t i c a l l y .  However* from  th e  d i s a p p e a r a n c e  
o f  t h e  low m o b i l i t y  g ro u p  a t  -5 °C  i t  i s  e v id e n t  t h a t  some 
ch a n g e  o c c u r r e d  i n  t h i s  t e m p e r a tu r e  r e g i o n .  S in c e  t h e  
m e a su re m e n ts  w e re  ta k e n  a t  a  f a i r l y  c o n s t a n t  ra t©  from th e  
h i g h  f r e q u e n c y  end downward, t h i s  s t e e p  s lo p e  m ig h t i n d i c a t e  
t h a t  a  c h e m ic a l  o r  p h y s i c a l  change  was t a k i n g  p l a c e  a t  - 5 ° 0  
c a u s in g  t h e  c u rv e  t o  s h i f t  to  th e  r i g h t  w h i le  I t  was b e in g  
m e a s u re d .  T h i s  w ould  g i v e  t h e  c u rv e  t h e  a p p e a ra n c e  o f  b e in g  
steeper*
I t  was h o p ed  t h a t  some i o n i c  g ro u p s  m igh t b e  removed 
o r  s h i f t e d  f a r  enough t o  t h e  l e f t  by  means o f  t e m p e r a tu r e  
v a r i a t i o n .  A c c o rd in g  to  t h e  c a l c u l a t i o n s  b a s e d  on th e  m easure­
m e n ts  o f  D is c  9 9 ,  th© lo w e s t  m o b i l i t y  g ro u p  s e p a r a t e d  o u t  b y  
t h e  s u b t r a c t i o n  m ethod moves t o  t h e  l e f t  by  a  f a c t o r  o f  *20 
i n  f r e q u e n c y *  when t h e  t e m p e r a tu r e  I s  changed from - 1 ? . S °  
t o  - 1 0 3 . 5°C. T h is  s h i f t  p u t s  t h e  p r i n c i p a l  e f f e c t  o f  t h e  
low  g ro u p  p r a c t i c a l l y  b e lo w  t h e  f r e q u e n c y  ra n g e  o f  m easure­
m e n t .
The medium and h ig h e r  m o b i l i t y  g ro u p s  o f  P i s e  99 do n o t  
h a v e  a s  much d i f f e r e n c e  I n  t h e  e n e rg y  o f  a c t i v a t i o n  a s  th e  
low  and  medium g ro u p  w hich  means t h a t  t h e  e f f e c t s  o f  t h e s e  
g r o u p s  on t h e  c u r v e s  c a n n o t  b e  s e p a r a t e d  a s  r e a d i l y  w i th  
t e m p e r a t u r e  c h a n g e s ,  b u t  move t o g e t h e r  to  th e  l e f t  a© th e  
t e m p e r a t u r e  i s  lo w e re d .  I t  h a s  a l s o  b ee n  c a l c u l a t e d  from 
t h e  o b s e rv e d  d a t a  t h a t  t h e  medium g ro u p s  w i l l  b e  o u t  o f  th e  
r a n g e  o f  m easu rem en ts  a t  a p p r o x im a te ly  -200°0*
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T h ese  t h r e e  f a m i l i e s  r e p r e s e n t  t h e  no rm al and abnorm al 
v a r i a t i o n s  w i t h  t e m p e r a tu r e  o f  a w e l l  form ed d i s c .  B e s id e  
t h e s e  v a r i a t i o n s ,  t h e  f a s t  t h a t  lo w e r  t e m p e r a tu r e s  do n o t  
r e a d i l y  p u r i f y  t h e  a l s o  o f  a l l  b u t  one  o f  t h e  m o b i l i t y  g ro u p s  
i s  a l s o  o f  im p o r t a n c e ,  I f  i t  w ere  p o s s i b l e  to  r e d u c e  t h e  
d i s o  to  o n ly  t h e  h i g h e s t  m o b i l i t y  g ro u p  In  o u r  r a n g e  o f  
m e a su re m e n ts  i t  w ould  g r e a t l y  s i m p l i f y  t h e  c o r r e l a t i o n  w ith  
t  h e o r y %
th e  p u r p o s e  o f  f o r m a t io n  o f  a  d i s o  was p r i n c i p a l l y  t o  
mafce t h e  d i s c  more s t a b l e  and t o  g iv e  I t  a  h ig h e r  r e c t i ­
f i c a t i o n  r a t i o .  H ow ever, i t  I s  b e l i e v e d  t h a t  f o rm a t io n  i s  
a  p r o o e s s  o f  re m o v in g  i m p u r i t i e s  from t h e  r e c t i f y i n g  l a y e r .  
T h i s  w ould  b e  a d v a n ta g e o u s  I f  t h e s e  i m p u r i t i e s  w ere  g ro u p s  
o f  i o n s  w i th  m o b i l i t i e s  i n  t h e  rang© o f  o u r  m e asu rem en ts , 
t h e  m e asu rem e n ts  on d i s c  1 3 3 ,  F ig .  15 and  1 6 , w ere  an 
i n v e s t i g a t i o n  o f  fo rm in g .  The c a l c u l a t i o n s  show t h a t  a l l  
c o n c e n t r a t i o n s  d e c r e a s e  w i th  I n c r e a s e d  fo rm in g , a t  l e a s t  
a f t e r  t h e  f i r s t  two fo rm ing  p e r i o d s .  Th© medium and h ig h  
g r o u p s  (w h ich  c l o s e l y  c o r r e s p o n d  t o  low and medium g ro u p s  
o f  d i s c  99) b o t h  d e c r e a s e d  i n  con c e n t  r a t i  on b y  a f a c t o r  
o f  a p p r o x im a te l y  f i v e ,  w h i le  th e  lo w e s t  g roup  showed l i t t l e  
d e c r e a s e  i f  a n y .
T h is  w ou ld  Im p ly  t h a t  i f  t h i s  ty p e  form ing  c o u ld  b e
c a r r i e d  f u r t h e r ,  a  v e ry  low m o b i l i t y  group  Of I o n s  would
\
becom e t h e  p re d o m in a n t  g roup  f o r  t h i s  d i s c .  T h is  may be  a  
c h a r a c t e r i s t i c  o f  th e  d i s c  o r  o f  t h e  fo rm in g .
The m o b i l i t i e s  o f  t h e s e  g ro u p s  i n c r e a s e d  a  s l i g h t  amount
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w i t h  fo rm in g  w h ich  i s  an  i n d i c a t i o n  o f  a  s l i g h t  change in  
e i t h e r  t h e  d i s t r i b u t i o n  o f  t h e  e l e c t r i c  f i e l d  o r  t h e  mean 
f r e e  p a t h ,  i f  t h i s  s l i g h t  change  i s  due t o  a  change i n  t h e  
e l e c t r i c  f i e l d ,  t h i s  w ould im p ly  t h a t  h a s  a  s l i g h t  
v a r i a t i o n  w i th  fo rm in g .  However th e  v a r i a t i o n  w ould b e  so 
s l i g h t  t h a t  i t  w ould  s u p p o r t  t h e  v a l i d i t y  o f  u s i n g  a  
c o n s t a n t  v a l u e  f o r  <*.
I t  may b e  n o t i c e d  t h a t  t h e  c a p a c i t a n c e  c u r v e s  o f  t h e  
s e c o n d ,  t h i r d  and  f o u r t h  fo rm in g  a r e  g ro u p e d  t o g e t h e r ,  
I n d i c a t i n g  l i t t l e  change i n  c o n c e n t r a t i o n s ,  b u t  i t  i s  
a l s o  t r u e  t h a t  t h e r e  i s  l i t t l e  change i n  th e  Q&3© l a y e r  
t h i c k n e s s  f o r  t h e  l a s t  t h r e e  form ing© .
From t h i s  I t  a p p e a r s  t h a t  fo rm in g  e f f e c t s  on i o n i c  
c h a r a c t e r i s t i c s  o f  a  d i s c  may b e  d i r e c t l y  r e l a t e d  to  th e  
CdSe l a y e r  t h i c k n e s s  b u i l t  up by  form ing* T h is  a l s o  i n ­
d i c a t e s  t h a t  r e l a t i v e l y  l i t t l e  change w i l l  t a k e  p l a c e  w i th  
i n c r e a s e d  fo rm in g  o f  t h i s  t y p e .
The l a s t  t h r e e  fo rm in g  c u rv e s  I n  th e m s e lv e s  do n o t  show 
a  n o rm a l  b e h a v i o r .  The f o u r t h  fo rm in g  c u rv e  appear®  t o  be  
o u t  o f  s t e p  and  t h e  second  a p p e a r s  t o  b e  e r r a t i c  on t h e  h ig h  
f r e q u e n c y  s id e *  I t  i s ,  h o w ev e r, s u r p r i s i n g  t h a t  t h e s e  
d i s c r e p a n c i e s  a r e  n o t  g r e a t e r .  I f  t h e  c o n c e n t r a t i o n  changes  
w e re  d i r e c t l y  r e l a t e d  to  t h e  CdSe l a y e r  t h i c k n e s s  I t  would 
b e  e x p e c te d  t h a t  t h e s e  c u rv e s  sh o u ld  n e a r l y  su p e r im p o se ,  
b u t  i f  a  s l i g h t  amount o f  Im p u r i ty  w ere in t r o d u c e d  In  one 
o f  t h e s e  s t a t e s ,  i t  w ould b e  e x p e c te d  t h a t  t h i s  s t a t e  sh o u ld  
show a  l a r g e  change  i n  one o r  more i o n i o  g ro u p s .  The method
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o f  m e a s u r in g  t h e  Odds l a y e r  t h i c k n e s s  in v o lv e d  t h e  rem o v a l 
an d  r e d e p o s i t i o n  o f  t h e  0d b a c k in g  e l e c t r o d e  b e tw e en  fo rm in g s .  
I t  i s  b e l i e v e d  t h a t  t h i s  s e v e r e  t r e a tm e n t  co u ld  h av e  i n t r o -  
d u o e d  o r  rem oved i o n s  o f  d i f f e r e n t  m o b i l i t y  g ro u p s  c a u s in g  
t h e s e  p a r t i c u l a r  d i s c r e p a n c i e s .
I t  was b e l i e v e d  t h a t  t h e  a p p l i c a t i o n  o f  i n v e r s e  b i a s  
t o  d i s c s  m ig h t  a l s o  im m o b i l iz e  c e r t a i n  i o n i c  g ro u p s  and 
s i m p l i f y  th e  I o n i c  c a l c u l a t i o n s .  However, th e  th e o r y  i s  
n o t  y e t  c o m p le te  f o r  u s e  w i th  b i a s ,  b u t  w i th  t h e  g en e ra l! -*  
z a t i o n  o f  t h e  t h e o r y  b y  i n t r o d u c i n g  p a r t i a l  d i s c h a r g e  a t  
t h e  b o u n d a ry ,  p r e l i m i n a r y  t h e o r e t i c a l  i n v e s t i g a t i o n s  i n d i c a t e  
t h a t  t h e  s h a p e  o f  a l l  b i a s  c u rv e s  i n  t h e  f a m i ly  o f  F ig .  1? 
a n d  18 can  b e  p r e d i c t e d .
T h is  f a m i l y  o f  c u rv e s  I s  v e ry  s i m i l a r  i n  a r ra n g e m e n t  
an d  s h a p e  to  t h e  fo rm in g  f a m i l y  o f  D isc  133 . The c a p a c i ­
t a n c e  c u r v e s  s h i f t  downward w i th  i n c r e a s i n g  b i a s  a s  t h e  c u rv e s  
o f  133 d id  w i th  i n c r e a s e d  fo rm in g .  T h e re  i s  a l s o  v e ry  l i t t l e  
h o r i z o n t a l  s h i f t  f o r  c u rv e s  o f  d i f f e r e n t  s t a t e s ,  a l s o  s i m i l a r  
t o  t h e  c u rv e s  o f  t h e  fo rm in g  f a m i ly .  However, t h e  h i g h e s t  
b i a s  c u rv e  y i e l d s  a  n e g a t i v e  v a lu e  o f  c a p a c i t a n c e  a t  low 
f r e q u e n c i e s .  At 25 ops t h e  d i s c  becom es i n d u c t i v e  w hich  
c a n n o t  b e  r e p r e s e n t e d  on t h e  l o g  o a p a c l t a n c e  c u rv e s  o f  F ig .  17 . 
I n d u c t i v e  e f f e c t s  i n  d i s o s  a r e  n o t  uncommon and w ere  n o te d  
b y  o t h e r  i n v e s t i g a t o r s . 29 T h is  e f f e c t  can o n ly  b e  e x p la in e d  
t h e o r e t i c a l l y  by  a h ig h  r a t e  o f  d i s c h a r g e  a t  t h e  b o u n d a ry .
The t h e o r y ,  m o d i f ie d  by p a r t i a l  p o l a r i z a t i o n ,  y i e l d s  c a p a c i ­
t a n c e  c u rv e s  o f  w hich t h e  o r e s e n t  Gg f u n c t i o n  i s  a  l i m i t i n g
1 0 6
ease*  The o t h e r  c u r v e s  i n  th e  f a m i ly  w hich  r e p r e s e n t  i n ­
c r e a s e !  d i s c h a r g e  a t  t h e  b o u n d a ry  h av e  an  I n i t i a l  h o r i z o n t a l  
p a r t  w hich  a r e  lo w e r  th a n  th e  l i m i t i n g  c a se  and h a v e  a more 
d e c r e a s e d  s lop©  on  t h e  r i g h t  h an d  s id e *  The k n e e s  o f  th e  
c u r v e  f o r  d i f f e r e n t  d i s c h a r g e  c o n s t a n t s  l i e  in  an a p p r o x i ­
m a te l y  v e r t i c a l  l i n e .  T h ese  c u r v e s  a r e  v e r y  s i m i l a r  i n  shape  
t o  t h e  b i a s  f a m i ly  and w ould  i n d i c a t e  t h a t  th e  r e l a t i v e  
v e r t i c a l  p o s i t i o n s  o f  t h e  e x p e r im e n ta l  cu rv e  c o u ld  b e  due 
m o s t ly  t o  t h e  v a r y i n g  r a t e  o f  d i s c h a r g e  w i th  b i a s  r a t h e r  
th a n  t o  ch a n g e s  i n  c o n c e n t r a t i o n *
I f  i t  i s  n o t  p o s s i b l e  t o  r e d u c e  th e  number o f  i o n i c  
g r o u p s  by  d e c r e a s i n g  t e m p e r a tu r e s  o r  a p p l i c a t i o n  o f  b ia s *  
i t  i s  h o p ed  t h a t  l o g - l o g  t e m p l a t e s  o f  c a p a c i t a n c e  and 
c o n d u c ta n c e  w h ich  a r e  now p a r t i a l l y  c o n s t r u c t e d  may f a c i l i t a t e  
an d  i n c r e a s e  t h e  a c c u r a c y  o f  d e t e r m i n a t i o n  o f  th e  i o n i c  
c o n s t a n t s .  From p r e l i m i n a r y  s t u d i e s  w i th  t e m p la te s  I t  I s  
f a i r l y  c e r t a i n  t h a t  t h e  work w i l l  be  s i m p l i f i e d  f o r  f u t u r e  
i n v e s t i g a t i o n s *
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